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Preface

The following document is the culmination of the work performed by a team of
eight graduate engineering students assigned to the Air Force Institute of Technology
(AFIT). The students compiled this document while performing a systems engineering
design study to create a small standardized tactical satellite bus for the Phillips
Laboratory. This document is divided into three separate volumes. Each volume is an
integrated element of the student thesis but it can also serve as a stand alone document.

The first volume is the Executive Summary. The purpose of the Executive
Summary is to present a synopsis of the design study results to the sponsor at the Phillips
Laboratory. This volume includes information on the methods employed during the study,
the scope of the problem, the value system used to evaluate alternatives, tradeoff studies
performed, modeling tools utilized to create and analyze design alterpatives,
recommendations and implications of the alternatives, and areas where future research
should be considered.

The second volume is a detailed account of the design process. The steps of the
team’s innovative design process and the team organization are initially presented. Each
phase of the design study is discussed in subsequent sections. Phase I provides accounts
of the team’s initial attempt to apply a well known systematic approach to satellite design.
Efforts concentrate on defining the problem posed by the sponsor. “First cuts” at
developing analysis tools and models are performed. Additionally, different alternatives
are generated as possible solutions to the problem. An initial analysis and evaluation is

performed to define an initial solution space, and to verify the analysis tool. Phase II is an
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iterative step in the design process and serves as a reservoir for the team’s most
meaningful work. The team realized that a new systematic approach had to be applied to
the study. This phase provides the results of the application of that innovative approach.
It is here that the understanding of the problem is further refined and decisions are made
that limit the scope of the study. The objective hierarchy is further developed and a value
system is created as a method for measuring each design alternative. Information is
collected on satellite designs and satellite subsystems. Tradeoffs are performed to
determined the best methods and components to be used in the alternatives. A model is
created and design alternatives are generated. System analysis is performed on the
alternatives using the value hierarchy, and results are generated. Sensitivity analysis is
performed on the alternatives, and implementation recommendations are provided to the
Sponsor.

The third volume provides details on the tools developed to build a satellite and to
analyze the design. There are three sections to this volume. The first section describes the
model’s philosophy and presents details on the purpose and operation of each module of
the model. Mathematical formulae and module architecture are also described in this
section. The second section is a user’s guide to operating the model. Specific details of
the sequence to be used and information required to run the model are provided in this
discussion. The final section of this volume is the actual code of the model. The code is
contained in an annex and is maintained by AFIT’s Aeronautics Department at Wright-
Patterson AFB, Ohio. The code can be provided to allow future modelers to understand

and refine the work that has been accomplished.
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Abstract

A PRELIMINARY DESIGN OF A STANDARDIZED SPACECRAFT BUS FOR
SMALL TACTICAL SATELLITES

Current satellite design philosophies concentrate on optimizing and tailoring a particular
satellite bus to a specific payload or mission. Today's satellites take a long time to build,
checkout, and launch. Space Operations planners, concerned with the unpredictable
nature of the global demands placed upon space systems, desire responsive satellite
systems that are multi-mission capable, easily and inexpensively produced, smoothly
integrated, and rapidly launched. This emphasis shifts the design paradigm to one that
focuses on access to space, enabling tactical deployment on demand and the capability to
put current payload technology into orbit, versus several years by today's standards, by
which time the technology is already obsolete. This design study applied systems
engineering methods to create a satellite bus architecture that can accommodate a range of
remote sensing mission modules. System-level and subsystem-level tradeoffs provided
standard components and satellite structures, and an iterative design approach provided
candidate designs constructed with those components. A cost and reliability trade study
provided initial estimates for satellite performance. Modeling and analysis based upon the
Sponsor’s objectives converged the designs to an optimum solution. Optimum design
characteristics include a single-string architecture, modular solar arrays, an internet-style
command and data handling system, on-board propulsion, and a cage structure with a
removable frame for easy access to subsystem components. Major products of this study
include not only a preliminary satellite design to meet the sponsot’s needs, but also a
software modeling and analysis tool for satellite design, integration, and test. Finally, the
report provides an initial implementation scheme and concept for operations for the
tactical support of this satellite system.
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1. Report Overview

This document provides the results of a group design study performed at the Air
Force Institute of Technology. The team of eight graduate engineering students examined
the design of a generic, standardized spacecraft bus for small tactical satellites. The project
was sponsored by LtCol James Rooney of the United States Air Force’s Phillips
Laboratory in Albuquerque, New Mexico. Similar design studies have been completed by
various companies and laboratories, but to date success has been limited. Phillips
Laboratory’s goal was to seek a “clean-sheet” approach to the design of a cost-effective
satellite bus. Several design characteristics were suggested by the sponsor and were
considered throughout the project. These characteristics included modularity, ﬂexiﬁility,
robustness, and operability. These characteristics have been treated as guidance in
developing objectives and alternative design architectures and were not treated as hard

requirements.

This is the second volume of a three volume report. Volume I is an Executive
Summary of the work performed by the design team. Volume II provides greater detail of
the work and includes the theory and analysis behind the team’s approach to the problem.

Volume III is an in-depth explanation of the modeling performed for the project.

This volume is divided into three sections. The first section discusses the details of
the team’s design process that was created to approach the problem. The second section
of this document, Phase I, records the team’s first application of the a systematic approach
to the design study. Details are provided on the initial methodology applied to the

problem and preliminary satellite design information is presented. The work performed in




this section of the report established a baseline for further iterations of the design approach

and guided the team to new areas of research.

Phase II, the third section, is a repository for the majority of the work performed
by the design team. This section documents the work performed in the second iteration of
the systematic approach. During this portion of the study, the scope of the problem is
refined and enhancements are made to the steps of the design process. Different design
alternatives are presented and analyzed using the objective hierarchy developed as part of
the process. The results of the analysis, and subsequent sensitivity analysis, are also
provided. The section ends with a discussion of decision making and the implementation

of the results.




2. Design Process

The design team recognized the need for a well-defined, iterative, systematic
design process to approach the problem logically. The design team was familiar with two
well-known systematic approaches, Hall’s seven-step process to systems engineering
(Hall, 1969:156) and the space mission design approach described in the Space Mission

Analysis and Design (SMAD) textbook (Wertz and Larson, 1992:1).

Hall’s systematic process has been a standard systematic approach for almost four
decades. This process is well understood and can be applied to many different engineering
problems. The Hall method is an iterative seven-step process (refer to Figure 2-1). These
steps are: problem definition, value system design, system synthesis, system analysis,

optimization, decision-making and implementation (Hall, 1969:157).

Problem

Definition _‘\

Value System
Design \
System
Value System Synthesis
. System yn
/ Design \ Synthesis

System
Amnalysis

Problem
Definition etc

N

Optimization

fmplementation
k Decision ‘/
Making

Figure 2-1: Hall's Seven-step Approach




Each step of Hall’s approach is influenced by the actions taken in the other steps.
The process’ iterative nature forces refinement in each step as the process continues.
Hall’s fundamental framework follows a logical sequence that allows the user to define
and constrain the problem, create an evaluation tool using the decision-maker’s values,
and generate possible solution alternatives. The framework also permits the user to create
models and perform simulations as a means of quantifying aspects for each alternative.
The quantified values serve as an input into the evaluation tool. Once the basic modeling
is accomplished, different aspects of each possible solution are further refined in an
attempt to optimize each alternative. Hall’s process also allows the user to perform
sensitivity analysis on each of the alternatives before the decision-maker is presented with
the results of the system evaluation. In the decision-making step, the decision-maker
applies his subjective values and risk preferences to select an alternative. With an
alternative selected, a plan for implementation is created. The Hall process is complete

once an adequate implementation strategy is accepted by the decision-maker.

The SMAD approach is well-known to contemporary satellite designers (Warner,
1996). The SMAD text and the process it describes is a compilation of the first thirty
years of satellite design experience. In general terms, the SMAD process can be
considered the classic approach to satellite design because the approach is based on the
premise that the satellite’s mission drives the design of the satellite bus. The SMAD
approach is iterative and consists of four broad areas. These broad areas are 1) define
objectives, 2) characterize the mission, 3) evaluate the mission, and 4) define requirements

(Wertz and Larson, 1992:2).




Table 2-1: Space Mission Analysis and Design Process

: : Eps
. Define objectives and constraints
B. Estimate quantitative mission needs and requirements
C. Define alternative mission concepts

D. Define alternative mission architectures

E. Identify system drivers for each

F. Characterize mission concepts and architectures

G.

H.

L

J.

K.

eﬁe ]ect

Characterize the Mission

Evaluate the Mission Identify driving requirements
Evaluate mission utility

Define mission concept (baseline)

Define Requirements Define system requirements

Allocate requirements to system elements

The first step in the SMAD process is to define the broad mission objectives and
constraints. Additionally, quantified estimates of how well one wants to achieve the broad
mission objectives are developed with respect to the needs, constraints, and technology
available. These estimates become initial system requirements. A unique feature of the
SMAD process is that these quantified estimates are subject to trades as the process
continues. Characterizing the mission involves a number of steps. These steps include
defining alternative mission concepts and architectures, identifying system drivers for each
alternative, and describing in detail what the system is and what it does. Power, weight,
and pointing budgets are developed in this step. Evaluating the mission forces the
designer to return to the initial system requirements to determine which requirements
become driving requirements. Driving requirements are the items principally responsible
for determining the cost and level of complexity of the system. Mission utility analysis is

also part of this step and this analysis quantifies how well the satellite design meets the
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system requirements and objectives as a function of design choices. Evaluation of the

mission ends by choosing a baseline system design. The SMAD process ends by defining
requirements. Broad objectives and constraints are translated into well-defined, specific
system requirements. These numerical requirements are allocated to specific components

of the overall space mission (Wertz and Larson, 1992:3-90).

The traditional approaches are not suited to designing a satellite bus that will
support a variety of missions. This was recognized as the study evolved and initial
iterations of the applied processes failed to narrow the scope of the study. Specifically,
Hall’s approach does not provide an effective, streamlined method for converging on
viable satellite design alternatives. Time is wasted performing numerous iterations of the
process to achieve the desired focus. Likewise, the SMAD process concentrates too
much on using the satellite’s payload (mission module) as the key upon which the satellite
bus is designed. Consequently, neither of these methods is adequate for designing a
generic, standardized satellite bus. A new, customized approach was developed that
permitted the team to converge quickly on a satellite bus design without regard to a
particular mission module type. The systematic process that was created is a synthesis of

the methods described by Hall and SMAD. The process is called the Modsat approach.




Table 2-2: Modsat Systems Approach

Problem Definition Scope nature of problem

Value System Design Capture decision maker’s needs and goals; create
evaluation structure for alternatives

Trade Studies Link broad design decisions directly to the study’s
goals and objectives

Modeling Formulate predictive or descriptive tool(s) to
represent activities, analyze various configurations

System Synthesis Create alternative solution sets

System Analysis Score each alternative against problem’s evaluation
structure

Decision Making Perform sensitivity analysis on solution sets

Implementation Develop plans for fielding the selected alternative(s)

The iterative approach is comprised of eight steps. The steps, in order, are |
problem definition, value system design, trade studies, modeling, system synthesis, systems
analysis, decision-making, and implementation. The majority of these come directly from
Hall’s seven-step process. The items that distinguish this approach f;bm Hall’s approach
are the inclusion of a trade studies step and the reordering of the system synthesis and
modeling steps. Additionally, the design team’s approach does not include an
optimization step. This process distinguishes itself from the SMAD process in two ways.
The systematic approach does not commit its focus to the requirements of one mission
module as the key factor for satellite bus design. Secondly, the process specifically

includes a method for evaluating the merits of each design alternative.

Problem definition is a fundamental first step of any systematic process. The
Modsat problem definition step closely follows that of Hall. The purpose of this step is to

define and constrain the problem. A result of this step is a succinct statement that




identifies the goal and focus of the study. The value of the problem definition step is that
it serves as a mechanism to define the system boundaries, identify the system needs,

alterables and constraints, and to identify the system actors.

The system boundaries define the environment affecting the system. A distinction
can be made between those items contained within an internal environment and those
items contained in the external environment. Items within the internal environment are
factors that the design team can control. Items that exist in the external environment
influence the study but cannot be controlled by the design team. The distinction between
the internal and external environment is paramount to understanding the scope and focus
of the project. The focus of the study can be narrowed further by performing iterations on
the system boundaries. Needs are the fundamental requirements that the decision-maker
and users levy on the system and are crucial in determining the broad objective of the
study. As is the case in the SMAD process, some needs serve as driving requirements for
satellite bus designs. Other needs may be traded off against each other. Alterables are
those items that can be influenced or changed by the design team and are contained within
the internal environment of the system’s boundaries. Constraints are those items that the
team cannot control but have a major impact on focusing the study. Problem definition
also identifies the actors in the study. Actors are simply the persons/groups who influence
the design and evaluation of possible alternatives. Different tools such as concept maps,
waterfall diagrams, and interaction matrices can be used to assist in defining the system

boundaries, needs, alterables, constraints, and actors.




The value system design step is similar to Hall’s respective step. The purpose of
this step is to capture the decision-maker’s values and goals. Ultimately, these values and
goals are used as a means for evaluating the effectiveness of design alternatives.
Capturing the decision-maker’s values and goals is accomplished by creating an objective
hierarchy. Broad values and goals are translated into broad objectives. The broad
objectives are decomposed into more specific subobjectives until meaningful measures of
effectiveness can be determined. The study’s objectives and subobjectives are related to
the needs, alterables, and constraints defined in the previous step. As part of defining the
study’s objectives and measures of effectiveness, major premises and assumptions are

explicitly articulated.

Once the objective hierarchy is in place the decision-maker’s preferences for each
objective have to be incorporated into the structure. It is common to have competing
objectives for a problem or study. A score, or weight, is assigned to each objective per
level in the hierarchy to capture the importance the decision-maker places on a particular
objective. The weights are normalized and the resulting weighted objective hierarchy
eventually serves as the evaluation structure for each solution alternative generated in the

problem.

The trade studies step is a new and innovative step. This step evolved out of the
SMAD process. The purpose of the trade studies step is to make broad design decisions
that can be directly linked to the study’s goals and objectives. The emphasis is on
decisions which can be made without having detailed descriptions of the alternatives.

Trade studies serve as an efficient and effective means to narrow the study’s scope and




provide clearer focus early in the design process. The step is efficient because a
manageable study focus can be reached without the need for extra iterations of the
process. The step is effective because it reduces the number of possible design

alternatives that would have to be evaluated to determine a solution to the study.

The trade studies occur on two leQels: the system level and the subsystem level.
Trades performed on the system level have broader effects on the design of a satellite bus.
These system level trades add definition to the external environment by providing
constraints on the system’s boundaries. System level trade decisions also impact the

trades performed on the subsystem level.

A satellite bus is a system comprised of smaller subsystems. Each subsystem can
be designed in a variety of configurations using different qualities and types of
components. Some choices can be made independent of choices in other subsystems. A
subsystem design decision that is traceable to the study’s goals and objectives increases
the possibility that system design alternatives will meet the goals of the study. Defining a
subsystem configuration or specifying a particular quality or type of component reduces
the number of iterations a designer may have to perform to create a viable design
alternative. An additional benefit of including a trade studies step early in the process is
that it forces team members to focus efforts on gaining insight into subsystem design while

simultaneously refining the problem.

Although the trade studies step evolved from SMAD, it differs from the SMAD
process in two ways. System level trades in SMAD occur late in the process (the

“evaluate the mission” step). This results in the study’s focus and system boundaries not
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being fully defined until late in the process. Subsequently, time is wasted early in the
process by identifying the principal cost and performance drivers for each mission concept
and mission architectures alternative before the system’s boundaries are defined.

Secondly, SMAD does not specifically mention that subsystem level trades would occur in
the process. It can be inferred that the subsystem level trades would occur after the

baseline concept is determined.

The next step in the approach is modeling. Modeling is the development of a
descriptive or predictive model representing a set of activities or the entire system in order
to allow analysis of alternative configurations of the system (Mosard, 1982:86). The
modeling step precedes the system synthesis step, unlike Hall’s traditional approach. This
reordering of process steps is because the creation and development of satellite bus design
alternatives is tedious and complex. Satellite design is an art because many satellite
components have to be strategically placed within the confines of a satellite structure to
meet stringent heat dissipation, thermal shielding, center of mass, volume, mass, and size
constraints. Modeling provides a tool that permits the three-dimensional visualization of
the placement and performance of components. Components can be placed, moved, and
resized quite easily using a model when compared to physically connecting, disconnecting,
or replacing components on an actual satellite. Time and cost savings can be easily
realized through the use of a model, especially if design requirements or assumptions

change.

In addition, the model builder can take advantage of the decisions that have

already been accomplished during the process. Desired subsystem configurations and
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component selection from the trade studies step can be easily loaded into the model before
alternatives are created. If component selection changes, the new information can be
easily loaded into the model. Modeling must also be able to quantify the performance

characteristics of each design alternative. Different subsystem characteristics can be

emulated using mathematical models that can be programmed into the tool. The team’s
modeling section currently uses the first order estimates and relationships that are found in
the SMAD process. Refinements to these relationships can be loaded into the model as
the design develops. As a minimum, the quantified performance values must be those

values necessary for input into the value system’s measures of effectiveness.

The model must allow analysis of alternative configurations of the system. The
evaluation structure developed in the value system design is incorporated into this stage of
the process. This puts an evaluation structure in place before any design alternatives are
generated. With effective use of the modeling tool, it is possible to create new designs

and perform evaluation on those designs in a timely fashion.

The system synthesis step is similar to most systematic approach steps for creating
alternatives. Accordingly, alternatives can be existing designs, modifications to existing
designs, prepackaged designs, or entirely new designs (Pohl, 1995). The difference
between the system synthesis step and traditional steps is its placement after the modeling

step, for the reasons discussed above.

The systems analysis step follows system synthesis. The purpose of systems
analysis is to score each of the design alternatives against the problem’s evaluation

structure. The problem has been defined and the weighted objective hierarchy is in place.

12



Each alternative’s input to the objective hierarchy’s measures of effectiveness is evaluated
and each solution alternative receives a score commensurate with its performance to the

competing objectives.

Decision-making is a step that permits the team to perform sensitivity analysis on
the design alternatives. Sensitivity analysis is performed by varying one variable at a time.
This variable is usually a weight associated with an objective in the objective hierarchy.
The results of the sensitivity analysis provide insight as to how an alternative will perform
given different preferences of the decision-maker. Including the sensitivity analysis results
allows the decision-maker to make a subjective decision as to which design alternative will

meet the goals of the study.

Implementation is the final step of the systematic approach. The purpose of this
step is to develop plans for fielding the selected alternative. The plan is presented to the
decision-maker and reflects the team’s view on how the alternative can be best put to use
in the operational setting. It provides recommendations for improvements to the selected
alternative and to the associated elements that affect the alternative. The implementation
step also addresses the possible architectures in which the alternative can be deployed and

it covers the organizational structure necessary to support that architecture.

The approach described above is an innovative approach to satellite bus design. It
provides a logical sequence which deliberately allows the design to evolve from one stage
to another while documenting the decisions and assumptions made along the way. The
method permits continual improvements to the design as the design matures. This

approach provides a method for determining if a design alternative is the best design
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possible by incorporating design decisions made throughout the process. The systematic
approach used in this design study provides a holistic view of the problem and allows the
team to capture all important aspects affecting the design. This iterative, systematic
approach ensures that these aspects are correctly integrated throughout the design

process.
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3. Team Organization

This combined approach permitted the team to be easily divided into major areas
of responsibility within a matrix organization. The team concentrated on three areas: the
major steps of the combined Hall/SMAD systematic approach, particular satellite
subsystems, and specific areas of research. Each team member’s responsibility included
taking the lead in charting the group’s direction for the steps of the Hall/SMAD (reference
Table 3-1) while maintaining a focus on the team’s limited time, resources, and budget.
Decisions made in one area of the design or a step in the process had to be properly
documented and presented to the group to prevent conflicts between satellite subsystems
and maintain the direction of the project. Team members also provided the group With the
information necessary to understand each satellite subsystem and to realize the influence
and impact each subsystem had on the other. The subsystem assignments are listed in
Table 3-2. Each member also made contacts with aerospace companies or organizations
that had been involved with the development of satellites within the project’s weight class
(see Table 3-3). Extremely valuable information was gained by examining the successes
and failures of other organizations. The following three tables depict the structure of the

team’s matrix organization.
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Table 3-1: System Steps Responsibility Matrix

Steps Of Hall/SMAD Approach - "} Member(s) Re"sp_()ns’ibléj ) N
Problem Definition From/Krueger

Value System Design Cokuysal

Trade Studies All

Modeling/Analysis Carneal/Ashby

System Synthesis Buck

Systems Analysis Carneal/Ashby

Decision Making Donmez

Implementation Donmez

NOTE: Robinson served as a “floater” throughout the Hal/SMAD approach.

Table 3-2: Subsystem Expertise Responsibility Matrix

Subsystem Area - ] Member(s) Responsible .~ = -
Structures/Mechanisms Ashby

and Thermal Control

Electrical Power Generation and Krueger
Distribution

Attitude Determination and Control Robinson
Propuision Cokuysal
Telemetry, Tracking, and Carneal/From
Commanding/Data Handling

Mission Modules Buck

Launch Systems/Command, Control and Donmez
Communications/Operations Concepts
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Table 3-3: Similar Projects Research Responsibility

ResearchArea -~ - "} Member(s) Responsible * =+~
Spectrum Astro/MSTI Cokuysal

TRW and CTA/STEP - Ashby
Lockheed-Martin/Iridium Carneal

Orbital Sciences Corporation/Pegasus Donmez

AeroAstro/HETE From

Ball Aerospace Buck

Naval Research Laboratory\Clementine Robinson

Phillips Laboratory/MightySat Krueger
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PHASE 1
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4. Introduction

Phase I represents the design team’s initial efforts at applying a systematic
approach to the preliminary design of a generic satellite bus for small tactical satellite
applications. This phase is included to document the design team’s progression from the
start of the project to the end. An important note is that many changes were made at the
end of this phase that resulted in the creation of a new systematic approach that was

applied in the subsequent phase of the study.

The team originally tried to apply Hall’s seven step process to the study while
attempting to incorporate the methodologies described in the Space Mission Analysi; and
Design text. The flow of this section follows the traditional steps included in Hall’s
process. This was an important phase for the team because it served as an introduction to
the problem and to methods used to solve problems. Each team member gained
experience through learning how to apply the theories and methods developed in the
classroom. Perhaps the greatest experience, and benefit gained through this process, was

the fact that the team was trying to solve an actual United States Air Force problem.

The intent of this iteration was to establish the nature of the problem and its
solution space. Upon fleshing out the objectives of the project, broadly defined alternative
architectures were generated which could satisfy these objectives. These alternatives were
subjected to a qualitative comparison with each other in terms of how well they met each
objective. By applying a systematic approach and performing the required steps of the

process, each team member gained insight into the complexities and intricacies involved in
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the design of a satellite bus. The results of this phase served as a starting point for the

second iteration of the overall systematic approach.

4.1 Motivation

Imagine the following scenario in the early 21st Century. The United States is a
major global power and multi-regional conflicts continue to be the norm. Although
massive Department of Defense funding reductions have left the military with minimal
resources, the United States still serves as the United Nation’s primary police force. The
key to maintaining stability in volatile regions, given reduced resources, is to effectively
employ Information Warfare in tactical situations. Through the use of rapidly deployable
standardized satellite buses, payloads can be launched to provide the situational awafeness

necessary to effectively employ Information Warfare.

Once a remote sensing package or other type payload is launched, a theater
commander will have access to the satellite information through the use of an in-theater
satellite command and control/data processing vehicle. The payload data can be
downlinked in near real time to support the theater commander’s planning efforts or to
make an assessment of actions taken. Paramount to maintaining its ability to be a global
stabilizing force, the United States needs to design and employ standardized satellite buses
to effectively apply Information Warfare. This scenario provides a background for which

the satellite bus will have to be designed.

The use of space assets is becoming increasingly essential to ensure victory on the
battlefield. United States space forces must be responsive and flexible in order to support
the warfighter’s short-notice requirements. Typically, each new mission drives the design
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of a new satellite from scratch. This results in an untimely response and an expensive
program. Time delays and increased cost are experienced in the areas of satellite
development, assembly, and launch. This process leads to unique integration requirements

for launch.

A significant improvement in cost and responsiveness will be achieved if a given
class of mission payloads are placed on a generic standardized satellite bus, pre-configured
to mate with a launch vehicle. The current launch vehicles most suitable for tactical
applications are the Pegasus and the Lockheed Martin Launch Vehicle. This satellite bus
is envisioned to be the backbone of a new generation of rapidly deployed, tactically
oriented satellites that will support the United States information needs into the next

century.

4.2 Background

The project is sponsored by the United States Air Force’s Phiilips Laboratory.
Similar design studies have been completed by various companies and labs, but to date
success has been limited. Phillips Laboratory is seeking a “clean-sheet” approach to the
design of a cost-effective satellite bus. Several design characteristics have been suggested
and will be considered throughout the project. The sponsor is seeking a design that is
modular, flexible, robust, and operable; as defined below. These characteristics have been
treated as guidance in developing objectives and alternative mission architectures and are

not treated as hard requirements.
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e Modular - This concept envisions the satellite bus as a large motherboard where
components and sensors can be “plugged-in” like personal computer expansion cards

to meet specific system needs.

o Flexible - Along with modularity, the bus might be designed such that additional
capabilities such as added memory storage can be inserted or removed as mission

requirements dictate.

e Robust - Low cost and ease of manufacturing take precedence over technological
optimization. Commercial Off the Shelf (COTS) technology and hardware should be

used wherever possible.

e Operable - This satellite system is intended for use by military personnel. Ideally;, the
bus should be designed such that final modular assembly, system test, and
component/sensor removal and replacement activities can be accomplished by an
Airman with high school education and technical school training.

The first step of the systematic approach is to define the problem. The next
section provides information necessary to understand the scope of the team’s approach

and to solidify what the team hopes to accomplish in this project.
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5. Problem Definition

5.1 Introduction

Problem definition was the first step of the systematic approached. The purpose of
the problem definition step was to evaluate the proposed problem and establish a succinct
problem statement. Defining the problem required careful examination of the sponsor’s
tasking statement and the factors influencing the proposed problem. Identification of the
system’s boundary, needs, alterables, constraints, and actors were important to

understanding the scope of the problem.

The system’s boundary defined those elements of the problem, and its potential
solution space, that could or could not be controlled or manipulated by the design team
(Athey, 1992:13). Through careful examination and identification of the problem’s

boundary, the design team determined the factors that influence and affected the problem.

Needs were the driving factors behind the existence of the problem. Needs were
referred to as requirements. Without the needs, there would have been no problem. By
identifying the needs of the chief decision maker (CDM), the team understood why the
problem existed, what the problem was, and what some of the possible solutions to the
problem weré. Needs also served as a means for measuring the success of potential

solutions.

Alterables were those factors the CDM had control over. Identifying those factors

provided the team with a method of opening the potential solution space to the problem.
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Constraints, on the other hand, were factors that the CDM and design team had no control

over. These factors limited the number of potential solutions to the problem.

Actors were the people who had an influence on the problem and the possible
alternatives. The most influential actor was the chief decision maker. Capturing and
incorporating the decision maker’s needs, values, and constraints was paramount to
producing the best solution possible. The decision maker provided information necessary

to determine the framework by which all possible alternatives were measured.

Problem definition was iterative in nature and the resulting problem statement was
subject to change with future iterations. This section of the report provides the design
team’s “first cut” at the identification of the system’s boundaries, needs (requirements),

alterables, constraints, and actors.

5.2 Problem Statement
The team’s first definition of the sponsor’s problem was:

Design a rapidly deployable, tactically oriented, modular satellite bus to enhance
theater operations. This satellite bus is to support missions in the Pegasus and Lockheed-

Martin Launch Vehicle (LMLV) weight class.

5.3 Concept Map

A concept map was employed to help define the problem. The concept map
provided a graphic representation of the design team’s interpretation of the problem.
Concept mapping is based on the premise that all knowledge can be represented by

relationships between more fundamental concepts (Kramer,1990:652-654). The concept
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map consists of two primitives: concepts and linkages. As an example, refer to Figure 5-
1. The satellite bus is the central concept. The motherboard architecture is another
concept. The device which connects the two is the linkage. The linkage in this case is

“has a”. This method ties the two concepts together into a meaningful structure.

The team developed the concept map in Figure 5-1 by carefully evaluating the
concepts and linkages suggested through the chief decision maker’s tasking statement.

This graphic represented the design team’s interpretation of the decision maker’s problem.
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Figure 5-1: Concept Map of Problem

The use of the concept map provided many benefits. It helped the team

understand how various factors affected the problem. The team immediately realized that
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the problem was highly complex. The concept map generated many questions the team
needed answered before a concentrated approach to the solution could be given. The
team began to question how the operations concept affected a satellite design. How
would integration and launch processing occur? Was launch vehicle selection an area to
be explored? Another question centered on what type of components were “off-the-shelf”
and what reliability did they have. The team also wanted to know what effect orbit

selection might have on vehicle life time.

The concept map helped the team identify issues that needed to be considered
when examining candidate solutions. The team began to question how much modularity is
needed in a satellite bus design and whether modularity is necessarily good. Other
questions focused on how much autonomy a satellite bus needs and what reliability is

required for a one year life time.

The use of the concept map was only a starting point. The team realized that
much research was needed to fully understand the problem. Questions prompted through
the use of the concept map were instrumental in identifying areas where research needed
to be performed. These areas included researching similar projects, satellite subsystems,
launch vehicles, satellite design concepts, command, communication and control
architectures, orbital mechanics, and potential mission modules. The concept map offered
yet another benefit. This representation of the problem provided a potential mechanism
for the team and the decision maker to fully discuss what the problem was and what it was
not. The definition of the problem was further enhanced by establishing system

boundaries.
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5.4 System Boundary

The system boundary defined those elements of the problem and its potential
solution space that could be manipulated by the design team. Anything outside of the
boundary was considered outside the team’s scope. By determining the items that resided
inside the system boundaries, the team was able to focus the problem into a more

manageable size.

As a first attempt at scoping the problem, it was decided that the satellite bus
subsystems and interfaces, as well as mission module interfaces, were within the system’s
boundary. Operational concepts directly related to the use of the bus were also within the
boundary. These concepts included on-orbit command and control, storage and
maintenance, mission module and launch integration, and sensor data processing. Items
that were not considered inside the system’s boundary included the development of
specific mission modules, launch vehicles, and command and control facilities. It was also
determined that the team would not concentrate on innovative or new state-of-the-art

technologies.

5.5 Needs

Understanding the chief decision maker’s needs were an integral part of defining
the problem. Using the sponsor’s tasking statement as a guide, the team tried to capture
the CDM’s needs and categorized these needs into four functional areas; performance,
responsiveness, operational, and development. The following provides a list of the

sponsor’s needs and shows how the needs were categorized.
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Performance

- Pegasus/LMLYV weight class

- Modular, interchangeable components

- Insertion or removal of capability as needed

- Support various sensors (i.e., electro-optical, IR, laser, SAR)

- 1 meter Electro-Optical (EO) resolution for a 5-10 minute imagery pass
- 1 meter Synthetic Aperture Radar (SAR) resolution, 10 kilometer by 10 kilometer
imaging

- Support on-board storage of up to 100 SAR images

- Support minimal on-board processing and data compression algorithms
- Near real-time transmission of 1 m resolution SAR data

- Encryption of data

Responsiveness

- Tactically oriented (had to support tactical mission modules)
- Rapidly deployable

Operational

- orbit equal to or greater than 300 kilometers
- up to 12 month mean mission duration

- Command uplink/telemetry downlink compatible with the Air Force Satellite Control
Network

Development

- Ease of manufacturing

- Off-the-shelf technology

- Avoid use of Class-S parts where possible
- Avoid extensive redundancy

These lists helped identify what the sponsor was trying to accomplish. The team
examined these needs and tried to determine if any of the needs conflicted with each

other or could not be met. The major concern was whether a satellite bus could be
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designed to support the specific number and types of mission modules the sponsor
required. The team concluded that more information was needed before a decision
could be made to eliminate any of the needs from the scope of the problem.. For this

iteration, the team would attempt to meet all the needs of the sponsor.

5.6 Alterables and Constraints

Alterables were those elements of the system and its environment that could be
controlled by the chief decision maker. The constraints were those items which could not

be changed by the decision maker. The team had to manipulate the alterables to achieve a

solution, provided the constraints were satisfied. For this iteration of the project, it was
determined that every aspect of the satellite bus was alterable. This offered a great deal of
flexibility in the design of bus subsystems and payload interfaces. For the first iteration,
the satellite orbit would also be left as a variable. The satellite could be launched into a
range of altitudes within Low Earth Orbit (LEO) by an appropriate small launch vehicle.
Additionally, a variety of operational concepts were considered. These concepts included
areas such as bus storage and processing, payload integration, launch integration,

command and control, and data processing and distribution.
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Table 5-4 shows the type of questions that were considered when the alterables were

examined (Wertz and Larson, 1992:21).




Table 5-4: Elements of the Mission Concept of Operations

Data Delivery How is the mission data processed and delivered to the end-user?
How much processing is done on-board?

Tasking, How autonomous is the system?

Schedule, and What automatic housekeeping functions will be provided?

Control Fixed or mobile (or both) command and control?

Communications How is sensor data returned to Earth?

Architecture

Mission When will first bus be integrated and launched?

Timelines Time from placement of order to launch? (integration, assembly,
test, launch processing)

Answers to these questions were left to the team members who were performing

research in the appropriate areas.

5.7 Actors

The actors were all the people and agencies who were involved with some aspect
of the system or project. It was important to understand and consider the impact the
system has on all actors. The principle actor for any project is the chief decision maker
(CDM). The CDM generates the requirements and objectives for the system, and is the
approving and implementing authority for the solution. The CDM for this project was
LtCol James Rooney of Phillips Laboratory, Kirtland Air Force Base. The design team
was comprised of the engineers and analysts who will work together to develop the
system. This project’s design team consisted of space operations and systems engineering
masters candidates at the Air Force Institute of Technology (AFIT). The team was

advised by members of AFIT’s Department of Aeronautics/Astronautics.
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The eventual user of bus design was also an actor in this design study. This was
the warfighter who depended on tactical space assets to wage effective information
warfare. In order for the warfighter to receive his information, the project’s satellites
would be commanded and controlled by Air Force space operators. Air Force launch
personnel would integrate the satellites to launch vehicles and launch them into low earth
orbits. Prior to launch, mission modules would be integrated with their satellite busses by
qualified personnel. Prior to being required for missions, ready-to-integrate busses would
be stored and maintained. All personnel required to complete these activities were

important actors in the development of this system, and their needs were considered.
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6. Value System Design

6.1 Overview

A systems engineering approach to the development of a system considers the
values and objectives of the chief decision maker (CDM). The requirements and values
expressed by the CDM must be expressed as an organized set of system objectives. This
set of objectives should drive all design efforts, and it must serve as the standard by which
alternative solutions are evaluated. Often, the established objectives are in conflict; that is,
positive performance for one objective may imply negative performance for another. An
example of this is the use of cutting-edge technology, which may deliver high performance
while admitting higher cost and technological risk. The objectives must be organized in
such a way that the engineer may judge alternative solutions against all the objectives, and
perform trade-off analyses where necessary.

Value system design translates CDM values into a hierarchy of objectives, where
objectives flow down from the top level in a well-structured manner. Each bottom-level
objective has a corresponding measure of effectiveness (MOE), by which the performance
of that objective is measured. In addition, each objective is weighted, in terms of
importance, relative to the other objectives at the same level. Based on the performance
of each objective, and the priorities of those objectives, alternative solutions receive a
utility score, which can be compared to the scores of other alternatives. In this way, the
value system allows the engineer to analyze tradeoffs between competing objectives.

When discussing the objectives for this study, it is very important to remember the
system boundary, that is, what is within the scope of the study. Many of the objectives
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touch on areas of space and launch operations. While it was not the intent of this study to
analyze these areas for design and improvement, the design of Modsat will definitely
impact the areas of space and launch operations. It is this impact that must be considered.
It is also important to consider the timeframe within which the elements of this
study are relevant. For instance, some of the objectives apply to the development of the
bus, others apply to the assembly and integration of the satellite, and still others apply to
the operation of the satellite. The timeframe for each objective should be clear from the

context of that objective.

6.2 Objectives

The team determined that the overall objective of this study is to:
“DEVELOP THE BEST STANDARDIZED BUS FOR A SMALL TACTICAL
SATELLITE."
It is important to understand what the words in this objective mean in order to prevent any
misinterpretations between team members, advisors and the chief decision maker. The key
words are defined below:
1. STANDARDIZED: The most important idea of the study. All other objectives must
support this. The idea is that the bus will support many different mission types.
2. THE BEST: Implies an open-minded approach to developing the best system, free
from the bias of favored technologies and approaches.
3. SMALL: The satellite must be compatible with a light weight launch vehicle, such as

the Pegasus or the Lockheed Martin Launch Vehicle.
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4. TACTICAL: The project statement emphasizes tactical missions and a short life.

All objectives for this study were derived to fit all top level mission requirements,
as defined in the problem definition step. As with any project, there is a trade-off between
cost and effectiveness. These are important aspects of this design study, and warrant much
consideration. Therefore, these two conflicting objectives became the main top-level

objectives. The top-level objectives are shown in Figure 6-1.

DEVELOP THE BEST STANDARDIZED
BUS FOR SMALL TACTICAL SATELLITE
|
I I

MINIMIZE MAXIMIZE
FLEET COST EFFECTIVENESS

Figure 6-1: Top-level Objectives

6.2.1 Minimize Fleet Cost

Cost is the common value of worth for all parts, processes, actions, and decisions.
Without careful consideration in separating the elements of cost, areas of overlap can lead
to double counting, which inflates predicted system cost. It should be noted that launch
costs are beyond the scope of this study. As this standard satellite bus will be designed
for multiple applications, the cost for fleet production has been considered. Cost

objectives are shown in Figure 6-2.
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MINIMIZE
FLEET COST

I |
MINIMIZE MINIMIZE MINIMIZE
ACQUISITION COST | | OPERATION COST| RETIREMENT COST

Figure 6-2: Cost Objectives

6.2.1.1 Minimize Acquisition Cost

Acquisition costs cover all recurring and non-recurring costs as the system

progresses from an idea to a finished end item.

MINIMIZE
ACQUISITION COST

|
| ]
MINIMIZE MINIMIZE
DEVELOPMENT COST MANUFACTURING COST

Figure 6-3: Acquisition Cost Objectives
O-1. Minimize Development Cost: Includes all expenditures from problem definition to

production.
0-2. Minimize Manufacturing Cost: Cost of producing the system; includes qualification

testing.

6.2.1.2 Minimize Operations Cost

The operations phase begins with the satellite as a finished product, and includes

integration with the payload and launch system. It also includes on-orbit operational costs




such as command and control, data processing and other ground segment expenditures.

Operations cost objectives are shown in Figure 6-4.

MINIMIZE 1
OPERATIONS COST ‘

[
I I | |

MINIMIZE MINIMIZE MINIMIZE MINIMIZE E
MISSION MODULE LAUNCH INTEGRATION INVENTORY,STORAGE ON-ORBIT E
INTEGRATION COST CosT AND SUPPLY COST COosT 5

Figure 6-4: Operations Cost Objectives
0-3. Minimize Mission Module Integration Cost: The cost of mating a mission module to

the bus; covers all hardware and software interface and testing expenditures.
0-4. Minimize Launch Integration Cost: Covers all efforts to fit the mission-ready
satellite to a launch vehicle.

O-5. Minimize Inventory, Storage and Supply Cost: The cost of having a fleet of satellite

busses in a mission-capable configuration . Between manufacturing and usage, the fleet
must be stored, cared for, and kept mission-ready.
0-6. Minimize On-Orbit Cost: All expenditures for orbital/system maintenance such as

command and control, data processing, and ground segment activities.

6.2.1.3 Minimize Retirement Cost

0O-7. Minimize Retirement Cost: Upon conclusion of a satellite’s operational life,
environmental and orbital space considerations deem that it be removed from operational

orbit. This cost must be considered up front.
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6.2.2 Maximize System Effectiveness

The elements which define system effectiveness have been chosen as shown in

Figure 6-5.
MAXIMIZE
EFFECTIVENESS
]
| | ] I
MAXIMIZE MAXIMIZE MAXIMIZE MAXIMIZE
FLEXIBILITY AVAILABILITY RESPONSIVENESS CAPABILITY

Figure 6-5: Effectiveness Objective

6.2.2.1 Maximize Flexibility

The standard bus must be flexible for use with different missions, payloads, léunch

vehicles, orbits and other specifications. Flexibility has been defined as shown in

Figure 6-6.
MAXIMIZE
FLEXIBILITY
l I
MAXIMIZE MAXIMIZE MAXIMIZE
EXPANDIBILITY DEPLOYABILITY WEIGHT / VOLUME FOR
MISSION MODULE

Figure 6-6: Flexibility Objectives

0-8. Maximize Expandability. The system must respond to different mission requirements
while satisfying the constraints. Elements such as power, memory, and earth coverage

must be adaptable to different demands.
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0-9. Maximize Deployability: Considers the flexibility of selection of orbital parameters
for low earth orbits.

0-10. Maximize Weight and Volume For Mission Module: Optimum mission module

capacity occurs with minimum bus weight and volume, since total satellite weight and

volume are constrained by the launch vehicle.

6.2.2.2 Maximize Availability

The on-orbit availability of the satellite must be maximized, considering the

elements shown in Figure 6-7.

MAXIMIZE
AVAILABILITY
| 7
MAXIMIZE MAXIMIZE MAXIMIZE
RELIABILITY SURVIVABILITY HARDNESS

Figure 6-7: Availability Objectives

0-11. Maximize Reliability: Minimize the probability of failure for the overall system over
the mission life, under nominal operating conditions (no environmental or man-made
threats).

0-12. Maximize Survivability. The ability of the system to perform its intended function
after being exposed to stressing environments created by an enemy or hostile agent.

0-13. Maximize Hardness. An attribute defining the spacecraft’s ability to withstand

natural environmental threats and stresses.

39




6.2.2.3 Maximize Responsiveness

Since this spacecraft bus is to be used for tactical missions, the time required to
meet the warfighter’s needs must be minimized. Responsiveness implies a light weight,

easily deployable, agile bus that can meet short-term military mission requirements.

MAXIMIZE
RESPONSIVENESS
I
I 1
MINIMIZE MINIMIZE

TURNAROUND TIME TIME FOR DATA
TO LAUNCH

Figure 6-8: Responsiveness Objectives

O-14. Minimize Turn Around Time To Launch: The time period from the initial mission
demand until placement in orbit. This time covers hardware and software preparation,
mission module integration, and launch integration.

0O-15. Minimize Time For Useful Data: The time period from satellite sensor collection of
raw data until the warfighter receives his information in the field. Considers queuing,

processing, and distribution.

6.2.2.4 Maximize Capability

0-16. Maximize Capability: The system should perform so as to enhance information
flow into combat theaters. This topic covers the performance of system elements. It is
not restricted to satellite specific elements, but also includes mission module, user, and
operator interfaces. The bus should be designed to optimize satellite/user interfaces such
as data rates, accessibility, compatibility, and encryption, while satisfying all other

objectives as well. On-orbit performance factors include pointing accuracy, thermal
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control, satellite autonomy, attitude control, and self-diagnostics (Reeves, 1992:285-337).
Simplicity of operations should be considered, including mission planning, compatibility of
data links, and telemetry analysis.

Note: This objective was created as a the head of several potential performance

. subobjectives, to be identified in a later iteration of the study. However, in the first phase
of the study, it was decided that the first order solutions would not have enough detail to

warrant further definition of this objective.

6.3 Measures Of Effectiveness

Each of the 16 bottom-level sub-objectives requires a measure of effectiveness.
Objective MOE:s based on natural performance scales were not feasible for this first, quick
iteration through the design process. Since the purpose of the first iteration is to get a
rough idea of what possible alternatives are feasible for this design, the team decided to
use subjective judgments to determine the performance of each alternative with regard to
the objectives.

Moreover, rather than attempt to find fixed reference points for the performance of
each objective, the team decided to judge the relative performance of each alternative with
respect to the other alternatives. For each bottom-level objective, team members
performed pairwise comparisons of the alternatives, in much the same manner by which
the objective weights were determined (see section 6.4). Thus, performance scores were

determined for each alternative, objective by objective.
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6.4  Priority Weighting of The Objectives

As mentioned in section 6.1, the objectives must be given relative importance in
the form of weights. Only the objectives on the same level of the hierarchy should be
compared. These objective weights must reflect the priorities and values of the decision
maker. Thus, participation from the CDM is critical in completing the objective structure.
This was accomplished through the use of a preference chart survey, such as that shown in
Appendix A for phase two of this study. A preference chart survey requires the
respondent to evaluate the relative importance of items in a series of pairwise comparisons
(Athey, 1982). Surveys were distributed to the CDM, faculty advisors, team members, and
other subject matter experts.

In the survey, a participant has five possible comparison ratings. When objective
A is compared to objective B, objective A could be ‘much more important than’, ‘more
important than’, ‘the same as’, ‘less important than’ or ‘much less important’ than
objective B. Each rating has an assigned value: 4.0, 2.0, 1.0, 0.5, and 0.25, respectively.
An objective is compared to all the other objectives on the same level of the hierarchy,
resulting in a series of values. A relative score for a given objective is obtained by taking
the geometric mean of all its comparison values (Pohl, 1995). Finally, the relative scores
for each objective are normalized so that they add up to one (see section 13.6 for a
description of the additive utility function used for this study). The resulting value for
each objective is the weight of thai objective, according to the person who completed the

survey.
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The results of all the surveys were averaged. Feedback from the CDM and from
the faculty advisors was given double emphasis. The resulting priority weights are shown

in Figure 6-9.

DEVELOP THE BEST STANDARDIZED
BUS FOR SMALL TACTICAL SATELITE
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Figure 6-9: Phase One Objective Hierarchy

43



7. System Synthesis

7.1 Introduction

The goal of system synthesis is to generate alternative solutions which sufficiently
span the needs (i.e., meet the minimum requirements) addressed by the problem statement.
Given the very general nature of the initial statement of needs, the iterative design
approach must start with high-level designs. Through further iterations, these high-level
designs should evolve as necessary into more detailed designs, slowly but surely

incorporating more elements at lower (component) levels of the system.

7.2 Architectural Themes

The first step of the System Synthesis is to provide top-level alternative
architectures which span the myriad of lower-level, detailed choices available for single
components or elements of the design. This approach provides an introduction and
overview not only to the general (high-level) tradeoffs involved with satellite design, but
also to the whole process of generating alternatives for evaluation. The early
brainstorming sessions of the system design study provided widely varying ideas spanning
all of the major elements of space system architecture. Elements under consideration
included not only the spacecraft bus and the payload, but also the command and control
infrastructure, the launch and ground segments, etc. (i.e., brainstorming sessions were
exhaustive). The brainstorming sessions concluded with the following concepts: [1] care
must be exercised in creating initial candidate architectures that are not overly detailed

but are differentiable; [2] brainstorming sessions spanned not only spacecraft options but
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operational and employment options, thus possibly creating multiple combinations too
numerous to effectively evaluate as detailed designs in a timely manner; [3] candidate
designs must concentrate on the spacecraft element, with options for other space system
elements held as secondary; [4] candidate designs must be fully characterized (at the
system level -- not the component level) to provide an introduction to and deeper
understanding of spacecraft design for those members of the study who are less familiar
with satellite technology.

The brainstorming data provided ample ideas for creativity. From the outset of the
system synthesis process, it was apparent that a classical “morphological” approach to
candidate design generation was inappropriate to the general scope of the team’s first
(high level) efforts. Therefore, candidate designs known as “architectural themes”
developed. This “thematic” approach seeks to span the range of different design
philosophies available within the scope of the problem. These themes do not necessarily
incorporate different components within the satellite designs they represent, but are
intended as differentiable methods for building and employing satellites out of (possibly)
the same (i.e., standardized) components. Through this approach to system synthesis, the
team can evaluate the different spacecraft architectural themes for their general, relative
merits and reserve not only component-level considerations for future system synthesis
and analysis, but also other elements, such as employment or command and control

options, for future implementation recommendations.
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7.2.1 Initial Spacecraft Architectures

7.2.1.1 “Baseline” or “Point” Design

The “Baseline” (“One Size Fits All” design) provides a single bus design capable of
supporting any of the required payload types. The “Baseline” supports one payload per
flight, and does not incorporate any onboard processing of mission data or spacecraft
autonomy. The “Baseline” bus communicates only through the AFSCN. The key
philosophy is to design a satellite bus to the most demanding requirements in each
subsystem (e.g., power, attitude control, data handling, data storage, etc.) necessary to
support any of the required mission options. This design is not optimized for any one

particular mission.

7.2.1.2 “Amoebae” Design

The second spacecraft architecture is aptly named the “Amoebae” design. This
design, also known as the “Ultimate Chinese Menu,” incorporates a fully modular,
possibly expandable bus construction, complete with “plug and play” subsystem
components such as battery modules, solar arrays, memory modules, reaction wheels, etc.
This bus, like the “Baseline”, incorporates no special processing, autonomy, or command
and control options, but it may support one or more payloads if desired. This design’s
philosophy concentrates on the ability to tailor and optimize the vehicle to a particular
mission, including the possibility of dual or multiple payloads, providing maximum design

flexibility.
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7.2.1.3 “Family” Design

A possible alternative to the “Baseline” design is one which spans multiple mission
or payload needs by providing two or more similar but distinct buses, each designed and
built to support a smaller subset of the overall payload types. These buses incorporate no
modularity and no onboard processing or autonomy. They support one payload or
mission per flight. Although this design philosophy is similar to the “Baseline”, the
“Family” of satellites will be different in capability, size, mass, and mission applicability.

The family of architectures essentially forms a set of “Point” designs.

7.2.1.4 “Microsat” or “Pocketsat” Design

The “Microsat” design architecture provides satellites individually optimized for
particular missions (i.e., every mission or payload type has a specific satellite -- no real
“standard bus”). This design is not a standard vehicle, although several may coincidentally
look and operate similarly. Instead, a “standard” philosophy will be applied across all
subsystems incorporating a "seamless" architecture to minimize weight and volume, yet
maximize effective performance. Microsats emphasize very small (less than 50 kilograms,
possibly man-portable) mass, optimization of payload support requirements, and
miniaturization/multifunctionality of components. There will be no discernible “border”
between where the bus ends and where the payload begins because all the components on
the satellite will have been fully and optimally integrated (for that particular type).

Development efforts for minimizing payload mass will mirror those for the bus
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subsystems. Again, there will be no provisions for autonomy, data processing, or

communication other than through the AFSCN.

7.2.1.5 The "Works” Design

The final spacecraft architecture under consideration is the “Works” design. As
the name implies, the works spacecraft will include as much capability as possible on one
spacecraft bus.‘ This design is intentionally as large as mass constraints allow and is also
capable of supporting several payload packages on the same bus. Additionally, the bus
incorporates full redundancy, radiation hardening, and satellite autonomy features.
Extensive onboard mission data processing is available before downlinking. The bus will
have a useful service life of greater than one year. Since many mission features are
supported by the software subsystem, the spacecraft is reconfigurable after launch via
database uploads. Also, this design is basically a larger, more complex version of the
“Baseline” design, enhancing many mission capabilities through sophistication and

achieving multiple payload objectives through sheer horsepower.

7.3 Evaluation Considerations

Though very general in nature and deliberately lacking specific components, the
design philosophies provide significant differentiation through their approaches to meeting
mission objectives. These approaches will drive different factors inherent in each design’s

technology, cost, operability, reliability, etc. The primary emphasis in each case can be

summarized as follows:




1. Baseline Design: support any mission with a single bus

2. Amoebae: support any or more than one mission with a tailorable bus

3. Family: several buses span the desired needs

4. Microsat: each payload is an optimized satellite in itself, minimizing mass

5. Works: large satellite supporting several missions at once

7.3.1 Employment Options

In addition to the core of five spacecraft architectures, some initial operational
concepts came to light. Because these employment/deployment schemes did not directly
relate to specific satellite architectures, they were considered as implementation

recommendations and/or operational alternatives suitable for further investigation.

7.3.1.1 “Fire and Forget”

As implied by the title for this employment/deployment option, operations
personnel prepare and launch the spacecraft, which then operates with complete
autonomy. The only contact made with the vehicle by operations personnel! after launch
will be for the collection of fully processed mission data downlinked from the vehicle. The
concept of the “probe” vehicle used in certain science fiction stories (probes in the “Star

Trek” series are prominent) is a good analogy for this option.
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7.3.1.2 “Starnet”

The “Starnet” is a network of crosslinked, autonomous vehicles, creating not only
a more robust command and control/data transmission network but also a synergy of the

variety of mission data

7.3.1.3 “Reusable” Satellite

This concept utilizes either an in place or deployable heat shield for the de-orbit
and recovery of the spacecraft. This employment scheme allows recovery, refurbishment,

reloading, and relaunch of a satellite after completion of a particular mission.
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8. System Modeling

8.1 Introduction

Discussions up to this point have focused on defining the problem, establishing
criteria and MOEs. Inthe last section the System Synthesis process produced various
alternative solutions, which will be investigated further. Typically, in System Synthesis the
feasibility of the alternatives are evaluated by checking them against the constraints and
verifying that they meet minimum standards. However, because little is known of what
the standard should be, all alternatives were passed and evaluated against one another for
the 16 objectives discussed in Value System Design. The scores for the five alternatives
for each objective were then normalized and these were then evaluated against the
remaining upper level objective criteria to obtain an overall rating of that alternative

against the others.

The objective was to model the alternatives in such a way as to get results on how
well they stack up in the objective hierarchy as established in Value System Design. This
process causes the alternatives to have relative worth based upon other ideas in the
solution space. Microsoft Excel was chosen as a tool to help automate the process of

modeling alternatives in Value System Design.

8.2 Purpose

A tool was needed to model the objective hierarchy created within Value System

Design. The intent was to automate evaluation, and to ensure such evaluation was
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performed the same way each time. The benefits were consistent performance of steps

and time saving once the model was created and checked for valid output on calculations.

8.3 Confidence Level in Data

Confidence of the data is limited primarily due to four main factors. First, the data
collected from the surveys is only as good as the expertise of those surveyed. Although
the data obtained is sufficient for a first look, individuals or groups with more field
experience will need to be contacted in future surveys. Second, the data collected for this
section was based on only eight inputs, which is clearly insufficient for establishing high
confidence tables. Third, although the alternatives were compared equally they will likely
vary in many aspects. Manufacturing may be more complex for one design than another,
or logistics for storage may be more difficult or costly for one design over another. In
essence, 1t is really difficult to compare a “Microsat” against “Amoebae” without knowing
more about the current technology. Lastly, in defining the alternatives assumptions were

made which may not be true representations.

In any vmodeling scenario key assumptions must be made to avoid building too
much complexity. Otherwise, the model becomes unmanageable and outside the scope
of its true purpose. Because these assumptions have tremendous impact in the outcome of
the model, it is important to discuss them here. The following items describe the

assumptions for each of the objectives:
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Minimize Development Cost:

o “The Works™ is fully redundant and autonomous
¢ Amoebae will be an integration “nightmare”
e Point Design and Family are about equal in development cost

e Microsat technology is revolutionary and will require more money to develop than the

other systems.

Minimize Manufacturing Cost:

e “The Works” is an intricate and sophisticated satellite
e Amoebae and “The Works” will require advances in assembly line technology
e The “Family” versus “The Works” is similar to a Yugo versus a Rolls Royce

e Microsat will be easier to build than the other satellites since it will be manufactured

much like a circuit board on an assembly line

Minimize Mission Module Integration Ceost:

e “The Works” will contain multiple payloads
e Amoebae will be the most complex satellite to try to integrate payloads
e Microsat will be built with the assumption payloads will also be miniaturized

Minimize Launch Integration Cost:

e Amoebae is extremely complex, requiring testing and integration in phases

e Microsat is one payload versus many for “The Works”
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Minimize Inventory, Storage, and Supply Cost:
* Amoebae will be more costly because of the increased inventory due to all parts being

modular, and parts may change as technology changes

e Family has a small set of fixed designs, and thus has known items to maintain on

inventory
e Microsat will require more configuration management
o “The Works” complexity requires more follow-up and hardware/software checkout

Minimize On-Orbit Cost:

¢ Amoebae is more diverse than the other satellites, thus requiring more resources to
maintain it

e Microsat will be the easiest to maintain since it will have built in self checks

e “The Works” - will work as it was designed to

Minimize Retirement Cost:

e Microsat will be the cheapest

e Because of how much we put into “The Works”, it becomes an investment. Its loss

will have an impact on development and user community

Maximize Expandability:

e Point Design is fixed and not as flexible as the Amoebae design
o “Family” is a little better than the Point Design

e Amoebae is the best because it is designed with maximum modularity
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e “The Works” will be the most difficult to reconfigure once built.

Maximize Deployability:

e Microsat has no maneuvering capability

e “Family” and the Amoebae satellites can by their design carry additional fuel if

necessary

» “The Works” is heavy and will require more fuel to maintain orbit parameters than the

other satellites

Minimize Weight & Volume For Mission Module:

e Point Design is a larger satellite to accommodate all the various payloads

e “Family” and Amoebae are more tailored to specific payload, thus minimizing weight

and volume

Maximize Reliability:

e Amoebae is more likely to break with the many and complex interfaces
e Microsat is newer technology and may not be that reliable in earlier satellites
e “The Works” is built on the premise it will be highly reliable and redundant

Maximize Survivability:

o “The Works” is built for survival against offensive measures
e Microsat is smaller and harder to attack with lasers or ASAT weapons

e Amoebae is not equipped with shielding to maximize modularity
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Maximize Hardness:

e “The Works” is built to withstand the harsh space environment

e Amoebae is less likely to survive than the other satellites

Minimize Turn Around Time To Launch:

e “The Works” will require more software/hardware testing than the typical satellite
e Amoebae is the worst, requiring extensive phase testing during integration
e Microsat is the best with a “launch-and-go™ ability

Minimize Time For Useful Data:

o “The Works” is slightly better than the other satellites

¢ Remaining satellites are essentially equal in on-board processing
Maximize Capability:

o “The Works” is slightly better

e Microsat contains payloads that can meet performance requirements

8.4 Evaluation Tool

To evaluate the alternatives an Excel workbook was developed and used. It
utilizes weights from the objective hierarchy and accepts inputs from one or more surveys
on pairwise comparison of architectural themes. From these it calculates geometric means
of each alternative under each sub-objective before normalizing the weights. Next, the
model calculates weights of alternatives for each objective, then graphically displays the

results.
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8.4.1 Survey Model

The eight members of the Systems Engineering Group performed a pairwise
comparison of all five alternative architectures for each and every bottom level objective in
the objective hierarchy. By using pairwise comparison any given alternative is judged
against any other given alternative for a given objective through the following ratings:
much better than, better than, equal to, worse than, or much worse than. Criteria used

were as follows:

e Alternative j much better than k receives rating "+ +" (numerical equivalent = 4)
e Alternative j better than k receives rating "+" (numerical equivalent = 2)

e Alternative j equal to k receives rating "=" (numerical equivalent = 1)

e Alternative j worse than k receives rating "-" (numerical equivalent = 0.5)

e Alternative j much worse than k receives rating "- -" (numerical equivalent = 0.25)
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9. System Evaluation

9.1 Introduction

In the previous section the Team determined a ranking of alternatives one against
another, given estimated conditions. The CDM wants to know what happens if conditions
of the modeling are different than were expected. The CDM is also interested in knowing
what latitude exists if less than the optimal solution is selected. To meet this requirement,
conditions of the model need to be modified to provide some flexibility to the original
solution set. In the business world this process is called “Decision Analysis,” the varying
of original conditions to see trends. "Decision analysis 1s typically an iterative process.
Once a model has been built, sensitivity analysis is performed. Such analysis answers,
'what if' questions: 'If we make a slight change in one or more aspects of the model, does
the optimal solution change?" (Clemen, 1996:7). System Evaluation uses a similar
process, where conditions of a model or criteria are changed to see how alternatives fair
under different conditions. One approach is to vary the weights assigned in the overall
objective hierarchy. The Excel workbook model would then feed through the new

weights and re-calculate the results.

9.2 Pairwise Comparison

Based on results of pairwise comparison, the Microsat option scored with the
highest weighting. However, the Microsat solution did not lead the others by a very wide
margin, so changes in objective hierarchy weighting may give a different leading option.

This result can be seen in Figure 9-1:
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verall Weighting of Alternatives for Modular Satellite Bus

Figure 9-1: Overall Comparison

9.3 Scenarios

To determine if Microsat was the overall best solution, conditions of the evaluation
were modified. To do this analysis an individual part of the objective hierarchy was
altered significantly by varying the weight to seventy-five percent of its original value in
the hierarchy. The other weights at that level were proportionately decreased to maintain
the same relative weights, while ensuring the total weights still added to one. An example

is shown in
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Table 9-1. In this scenario acquisition cost weighting factor was made the most

important constderation for fleet cost.
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Table 9-1: Acquisition Cost Example for Generating Scenario

Acquisition Cost © 049
Minimize Operation Cost 0.38 0.19
Minimize Retirement Cost 0.13 0.06

TOTAL 1.00 1.00

The two primary scenarios were generated and compared:

1.

2.

Fleet cost is the driving factor

Maximizing effectiveness is the driving factor

To determine the impacts of subobjectives on the solution set, seven sub-scenarios were

generated and compared:

1.

7.

Acquisition cost is the most important consideration for fleet cost

Operation cost is the most important consideration for fleet cost

Retirement cost is the most important consideration for fleet cost

Flexibility is the most important consideration for effectiveness

Awvailability is the most important consideration for effectiveness

Responsiveness is the most important consideration for effectiveness

Capability is the most important consideration for effectiveness

The Excel model was used as the tool to perform the above scenarios and generated

results shown in the following figures:
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Figure 9-3: Scenario Results for Effectiveness as the Driving Factor
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Overall Weighting of Alternatives for Modular Satellte Bus

Figure 9-5: Scenario Results for Operation Cost as Most Important for Fleet Cost
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Figure 9-6: Scenario Results for Retirement Cost as Most Important for Fleet Cost

Figure 9-7: Scenario Results for Flexibility as Most Important for Effectiveness
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Figure 9-8: Scenario Results for Availability as Most Important for Effectiveness

Figure 9-9: Scenario Results for Responsiveness as Most Important for Effectiveness
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Overall Weighting of Alternatives for Modular Satellite Bus

Figure 9-10: Scenario Results for Capability as Most Important for Effectiveness

Overall, the System Evaluation step determined the Microsat architecture to be the
best solution to all scenarios. However, the Microsat option does not always lead the
other architectures by a wide margin, and further investigation may reveal another solution

to be the best option overall.
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10. Decision Making

10.1 Introduction

In this section, the consequences of the alternatives which are developed in system
analyses relative to the objectives will be evaluated and these evaluations will be
incorporated into the decision criterion so that all alternatives can be compared relative to
the criterion. This will enable one or more alternatives to be selected for advancing to the
next iteration. Also this section will include communicating the results of our process to

this point, scheduling subsequent efforts, and assigning priorities for subsequent action.

10.2 Results

The Results of the System Engineering Group’s analysis of pair-wise comparison
showed that The Microsat alternative ended up with the highest utility score.

In the minimizing acquisition cost, point design had higher weighting because of
ease of manufacturing, adaptability to the off the shelf technology wherever possible, low
cost in testing and launch integration, and being less complex. On the other hand Amoebae
and Works had less weighting since they had more complexity and integrity in
manufacturing and testing.

In the minimizing operation cost, the Microsat had higher weighting because in the
tactical scenario it can be operated by individual mobile units and it may not need complex
and integrated control units compared to the works. Testing, launch integration,

survivability and reliability decreased the operational costs. On the other hand integrational
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complexity increased the difficulty in system and user sides in terms of standardization,
subsequently resulted in higher operational cost.

In the minimizing retirement cost, ease of de-orbiting and ending the mission life
were two important factors. Under these conditions Microsat obviously had higher
weighting and Works had lower weighting.

For flexibility, Amoebae provided features of modular flexibility that allowed it to
be adopted to a wide range of missions and payload cénﬁgurations. Also it could easily
satisfy multiple missions simple by changing sensors and software. The Works’ long life
limited it to adopt the newly arising changes in the space environment. On the other hand,
specialization to specific missions were important aspects for the other alternatives.

For availability, the Works’ multiple payload configuration enabled it to assign
different missions. Also because of long mission lifetime, it has to be more reliable for on-
board data processing, uplink and downlink communications systems. Amoebae’s
complexity in modular integration decreased its reliability.

For responsiveness, miniaturized standard design of satellites and payloads (mass-
produced and deployable in dozens of units) could offer responsiveness to newly arising
situations in tactical environment. Thus Microsat had higher weighting. But in terms of
standardization Amoebae had more disadvantages.

For capability, the Works’ multiple payload configuration, on-board data
processing, and operational autonomy made it more capable for different mission
requirements at the same time. The other three, Family, Microsat, Point design, had lower

weighting in that sense.
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10.3 Sensitivity Analysis

According to scenarios generated in system evaluation part seven sub-scenarios are

summarized in the Table 10-1.

Table 10-1: Scenario Summary

Fleet Cost 1. Microsat 2. Point Design 3. Family 4. The Works 5. Amoebae
Ranking

Most Important 1 2 3 4 5

Acquisition Cost Microsat Works Family Point Amoebae

Operation Cost Microsat Point Family Works Amoebae

Retirement Cost Microsat Family Point Amoebae Works

Effectiveness 1. Microsat 2. The Works 3. Family 4. Point Design 5. Amoebae

Ranking
Most Important 1 2 3 4 5
Flexibility Microsat Family Amoebae Point Works
Availability Microsat Works Point Family Amoebae
Responsiveness Microsat Point Family Works Amoebae
Capability Microsat Works Point Family Amoebae
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11. Recommendations

11.1 Recommendations for Continued Investigation

Initial investigations into small tactical satellite design and evaluation focused
efforts (necessarily) on high-level design architectures. This high-level approach
accomplished the goals of ensuring the familiarity of Team members with the systems
approach to design; introducing less space-savvy members to satellite design, production,
and operation; serving as an initial “design compass” to focus not on specific architectures,
but on those aspects of the value system which were most important; and to provide
insight into possible implementation schemes for the final design combined with an overall
design architecture and concept of operations (CONOPS).

After evaluation of the large-scale satellite concept architectures, the system design
process must shift its focus to specific satellite design exploration and the incorporation of
those aspects of the value system which provide the greatest payoff (as concerns the
satellite design). This process will involve research into the specific subsystems and
specific components of those subsystems and their impact on the overall satellite as a
whole.

Further refinement of the problem definition and value system will be facilitated by
further contact with the sponsor, space and industry experts, and research into the
individual subsystems.

System modeling and evaluation will incorporate a computer-based (MATLAB)
design tool for both designing and evaluating candidate designs. A computer-based
modeling scheme will facilitate the convergence of candidate designs into cohesive
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systems, as opposed to collections of components. This approach is intended to converge
on potential solutions, based on Value System Design. Current architectures will be used
as a starting point, but new concepts can be generated.

The concept of a Microsat certainly lends itself to small launch vehicles, but it does
not necessarily support the range of payloads as put forth by the sponsor. Power
requirement is a big variable as relates to a potential range of payloads. The task of
attitude determination and control is no small chore either, since varying payloads with
their necessary power support can significantly alter dynamics from one configuration to
the next. It seems that either a satellite bus must be overpowered and possess over
capable dynamic control for most mission modules (The Works), or these factors must be
alterables in the form of interchangeable components (similar to Amoebae) or as two or
more basic fixed designs (Family). All of these concepts are similar, though, since some
satellite bus is on hand with the payload required to fit within specifications provided by

the bus, not the other way around.
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12. Introduction

Subsequent iterations of the systematic approach lead to revisions, clarifications,
and refinements to both the process and the product. The team learned that the original
systematic approach used in Phase I was not effective in narrowing the scope of the
problem and developing design alternatives. This required the team to create a new
process. This section documents the team’s work in applying the innovative approach to

the design of a generic, small standardized satellite bus for tactical applications.

Phase II follows the outline of the newly created systematic approach and
discusses the changes and refinements made since the work performed in Phase I. 1t is
assumed that the reader has a working knowledge of the new design process being applied
and is cognizant of the work performed in the first iteration. Specifically, background data

and definitions of the process are not included in this section.

This section documents the design team’s understanding and scope of the problem
as refined by the second iteration of the systematic approach. In addition to providing the
details on the refined problem statement and subsequent changes to the value system
design, a new section was added to discuss the trade studies that were performed on both
system and subsystem levels. The section also provides the details on the efforts made in
the creating an integrated model and the alternatives that were created. The section
concludes with an in-depth analysis of the design alternative and suggests methods for

implementing the designs.
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13. Problem Definition

Gaining insight into satellite design and probing the different aspects of the
proposed problem were the main focus of the first iteration. In the second iteration, the
team focused its effort on studying and understanding the functions of the satellite
subsystems and examining the factors that influence the satellite bus design. This led to a
more detailed examination of the tasking statement and the factors that influence the

problem. The first item re-examined was the problem statement.

The team examined the problem statement and decided that the word ‘modular’
was not required to be part of the statement. The team decided that being modular was
more of a design option rather than a goal of designing a generic satellite bus. The team
felt that by including ‘modular’ in the problem statement, the number of pbssible design
alternatives would be severely limited. The word was removed and the refined statement
is provided below. The new statement was referred to throughout the design process.

This ensured that the team’s efforts remained focused.
13.1 Problem Statement

The refined problem statement reads:

Design a rapidly deployable, tactically oriented, satellite bus to enhance theater
operations. This satellite bus is to support missions in the Pegasus and Lockheed-Martin

Launch Vehicle (LMLV) weight class.
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13.2 System Boundary

Since the system boundary defined the elements of the problem that could be
controlled or manipulated, the team decided that the best way to narrow the focus and
scope of the study was to refine this area. The boundaries were divided into two distinct
environments; an external environment and an internal environment. Items that existed in
the external environment influenced the solution space for the problem, but were not items
that the design team could control. These items were considered outside the team’s scope
with respect to redesigning components or changing concepts of operation. Items
contgined within the internal environment were aspects that could be controlled by the
design team and were subject to trade studies. Figure 13-1 provides a graphical

representation of the problem’s system boundaries.
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Figure 13-1: System Boundaries

The external boundary was comprised of the following items: the launch vehicle,

the payload, the satellite contractor, the mission operations concept, space, the
constellation design, the storage and inventory concept, and the Air Force Satellite

Control Network. Aspects of each element are described below.

o The launch vehicle: The design team examined the system requirements for placing

the vehicle into orbit. The team decided to use the Pegasus XL launch vehicle for this

design study. Aspects of the launch vehicle that had an influence on the satellite bus

design were launch preparation time, mass-to-orbit performance, satellite-to-launch

vehicle integration constraints, and fairing constraints. Launch vehicle development
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and integration of launch vehicle stages were outside the realm of the design team’s

control and were not subjected to trades or redesign.

The mission module: A number of different mission modules were examined. These

included remote sensing payloads such as muiltispectral imaging (MSI) systems,
synthetic aperture radar (SAR) systems, infrared (IR) systems, and laser designators.
Specific mission modules were not designed by the team to be integrated onto the
generic bus. The bus design was influenced by the mission module’s data
storage/health and status requirements, thermal loading, power requirements, mission

requirements, and required pointing accuracy’s.

The satellite contractor: A satellite company has a definite influence on the design

when it comes to manufacturing the actual satellite bus. Additionally, different
companies have different manufacturing processes. Due to the preliminary nature of
the design study, the team considered items that would create manufacturing

difficulties, but did not perform extensive research into actual satellite manufacturing.

The mission operations concept: The methods the United States Air Force (USAF)

employs to perform its satellite missions had an influence on the satellite design. The
design team did not attempt to change or modify the way the USAF does business.
However, understanding the constraints and requirements needed to perform satellite

operations was a prerequisite for this design effort.

Space: This was the actual operating environment in which the satellite bus would

perform its mission. It was important that the design team understood what effects
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space could have upon the satellite bus. The team had to design the vehicle in such a

way that it accounted for the space environment.

e The constellation design: The actual use of the vehicle and constellation deployment

was left to the satellite user. The orbit choice and number of satellites to be placed
into orbit will be contingent upon the user’s need. The team provided a satellite bus

design that attempted to maximize its utility to the user.

o The storage and inventory concept: It was taken as an assumption that the satellite

and its components would be stored and maintained in an appropriate clean room
environment while the satellite was on the ground. Therefore, the team did not design
any aspects of the storage and inventory process. However, consideration was given

to this storage and inventory process when design alternatives were developed.

o The Air Force Satellite Control Network (AFSCN): Since compatibility with the
AFSCN was required by the decision maker, aspects associated with this satellite
control network had a major influence on the design. Satellite components such as
receivers and transmitters had to operate at Space Ground Link System (SGLS)

frequencies. The team made no attempts to redesign any aspect of the AFSCN.

Items contained within the internal environment included the satellite bus
subsystems, the launch vehicle interface, and the mission module interface. Operational
concepts directly related to the use of the bus were considered within the boundary of the
system. The team had the freedom to modify concepts such as on-orbit command and

control, mission module and launch integration, and sensor data processing. The team
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decided that the concept of having two different on-orbit command and control systems to

the satellite was well within the scope of the bus design.

13.3 Needs

Further revisions were also performed in the needs area. This was accomplished
because the team wanted a clearer understanding of the problem. The categorized lists
created in the first iteration only provided generalized groupings of the needs. A deeper
understanding of the problem required more definition be given to the problems needs. It
was believed that if a needs definition could be tied to the system’s boundaries or the
decision maker’s views (Rooney, 1996), it would offer a better understanding of the
problem. The refined needs definitions are provided below and incorporate the spoﬁsor’s
views or the system’s boundary considerations as appropriate.

e Mass: The satellite design had to be optimized to support as many mission module
types as possible. Mission modules with masses between 23 and 114 kilograms had to
be supported and fit within the constraints of a Pegasus XL launch vehicle. It was
thought that better designs would provide more mass and volume to the mission
module yet still supply ample power and interfaces.

e Responsiveness: Possible design alternatives had to consider the rapid launch of a

satellite constellation. The bus/mission module combination had to be easily integrated
to meet the need for rapid deployability and tactical applications.

e Sensors/mission modules: Different mission requirements were considered; i.e.,

electro-optical (EO), infra-red (IR), laser designators.
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Pointing accuracy: The question of pointing accuracy had to be considered when

trying to achieve 1 meter resolution during an imagery pass of 5-10 minutes per orbit.
Power: The satellite design had to support peak power requirements up to 1 kilowatts
and average power requirements of 300-500 watts.

Orbital maintenance: The satellite had to operate at a minimal orbital altitude of 300

kilometers for a mean mission duration of 12 months.

Telemetry, Tracking, and Command: Satellite design alternatives had to be compatible

with the AFSCN. Data downlinks had to support near real-time transmission of 1
meter resolution imagery data. Encryption and deception provisions were also
required.

Data storage: Designs had to support on-board storage of up to 100 images.

Data Processing: Design alternatives had to support minimal on-board processing and

data compression algorithms for transmission of images to ground station.

13.4 Mission Module Overview

The problem involved with the design of a “generic” satellite bus is that, because

the bus is to be generic, it cannot be designed to one specific payload or mission. It must

support the requirements demanded by all foreseeable missions within the scope of the

overall design.

13.4.1 Background and Scope

The payload or mission equipment of any spacecraft is generally considered to be

that particular spacecraft’s reason for existing. The payload is, after all, comprised of the

equipment which the spacecraft owners and users desire to employ (from the space
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vantage) for the collection or distribution of very specific mission information.
Consequently, satellite designs in the past have always focused on this specialized
equipment, functionally separating it from the rest of the vehicle (satellite bus). Within
this paradigm, payloads tended to be as large, expensive, and/or as powerful or capable as
possible. The bus was basically designed and built to support that particular payload (i.e.,
the bus was built up “around” the payload). Thus, because of the specific nature of a
spacecraft’s payload equipment, as well as owing to the fact that all satellites are basically
manufactured by hand, individual satellites tended (and continue) to be unique.
Similarities in design and equipment among satellites of the same constellation or “family”
are more numerous, but even these satellites have been and continue to be dissimilar in
some areas, due to the addition of features, change of specifications, or flight experience
from earlier designs. All of these factors, in addition to the slow historical launch rate,
tended to drive up costs. A “vicious circle” of spiraling costs ensued and continues today,
driving designers to build fewer, more reliable, more capable, and larger satellites. The
larger vehicles compounded the launch availability problem due to the fact that larger
boosters became necessary for the larger vehicles -- larger boosters take longer and are
more costly to integrate.

Shifting equipment and design focus AWAY from the payload components forces
a shift in the spacecraft design paradigm. It focuses on the vehicle itself, the bus, as a
starting point for employment of special sensors or other equipment from space. In this
paradigm, the payload simply becomes yet another “component” which must be integrated
into the vehicle as a whole -- the payload specializes or tailors a standard vehicle to a

specific mission or purpose. This paradigm is analogous to a multi-role fighter aircraft
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being outfitted with a particular weapons load for the performance of a specific mission.
The fighter is the “standard vehicle” which can then be used for a variety of missions.

This particular paradigm requires the payload designer to produce payload equipment
packages which can seamlessly interface with and “take a ride” on a satellite bus which has
already been designed (or built) and can provide all the payload support functions
necessary.

This intimate interface between the payload and the spacecraft bus then becomes
the focus of design efforts. The payload equipment package (from here on “mission
module”) must conform to a standard set by the bus design; however, the bus must be able
to support the proper functioning of the mission module by providing (as required by
specific mission type) power, data and command handling, thermal protection and/or
isolation, stability and pointing accuracy, structural and mechanical integrity, slew
rate/accuracy, and, of course proper orbital position over the surface of the Earth.
Therefore, the design problem further distills to the generation of a “starting point” or
baseline set of mission module support requirements from which an iterative process of
bus-design-and-mission-module-interfacing may commence. The most desirable
conclusion from this process is a bus design that not only meets a set of given mission
module requirements, but also supports a CONTINUUM of mission module requirements
(i.e., non-discrete requirements values), while providing a set of standard volumetric,
mechanical, data, power, and thermal interfaces to which mission modules may be
physically designed.

But where to start? The initial starting point for an eventual (desired) continuum

of missions must start with a standard set of requirements which fully span the
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“requirements space”. That is, a good initial set of requirements should span the full range
of foreseeable requirements which the bus design must support. It follows that in order to
derive an initial set of requirements, an initial set of missions must provide sufficiency in
spanning the requirements space. These mission areas must: 1) define the initial points
from which requirements estimation relationships (RERs) may evolve, and 2) be
sufficiently “expandable”, thereby providing the desired continuum or range of
requirements over which the bus architecture and design iterate and converge.

This problem is well suited to computer model support because of the iterative
design approach which this problem requires. The course of several iterations of mission
module requirements generation combined with bus design attempts (analogous to a
Newtonian or similar approach to numerical estimation) will converge a solution set of bus
designs as candidates for further (operational effectiveness) evaluation. The issue,
however, returns to the fact that RERs must provide the requirements inputs to the model
and the initial set of missions must sufficiently characterize the space which the RERs

must span.

13.4.2 Mission Module Support Requirements

The basic space mission type is an Earth observing or remote sensing mission,
however, this simple mission type is further subdivided into a plethora of specific sensing
missions directly related to military operations and directly applicable to a tactical (in-
theatre) environment. Furthermore, within this general mission area, one finds a wide
range of payload equipment and sensors, varying in mass from a few to several hundred

kilograms and varying in power requirements from a few to several hundred kilowatts.
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These characteristics make this space mission area advantageous to the task of generating
initial mission requirements.

The next step in defining initial mission module requirements is to generate some
discrete requirements values for the specific mission types. The specific mission module
characteristics/requirements under consideration and of concern to the mission module
designer may include:

e electrical power

e vibrational stress

o thermal stress

e thermal isolation

e structural integrity

e mechanical interfaces

e electrical interfaces

o telemetry formatting

e equipment volume

® equipment mass

e data throughput

e data storage

e data down-link

e platform slew rate

e platform pointing

¢ platform stability

e positional (surface) revisit
e positional (orbit) tolerance

For purposes of this design study, the grouping of requirements into larger “requirements
measures” which capture the meaningfulness of the “bit level” parameters facilitates
generation of RERs which are easily modeled. Additionally, a design study involving
these lower-level requirements is beyond the scope of this investigation. Therefore, it is
advantageous to attempt to either capture these requirements within higher-level
expressions or treat them as ancillary information along with other “payload designer-
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generated” information such as mission module costs. Other requirements information
may be treated as “built into” the design, such as vibrational stress and
mechanical/structural interfaces/integrity. Thus, a “higher-level” list of
characteristics/requirements suitable for concept exploration may include:

e available power

e available launch mass

e available launch volume

e pointing/stability requirements

e data handling requirements

e data storage requirements

e mission data down-link support

o thermal protection and/or isolation

The aspects of the satellite-to-mission module interface which will be most
important to the mission module designer will be mass, volume, power, and data storage
budgets available for the mission module. These budgets will provide the mission module
designer with limits within which the mission-specific equipment must operate.

Similarly, the most important considerations for the bus design will be the support
of those baseline power, mass, stability, pointing, data handling, data storage, and thermal
isolation requirements necessary to accommodate all of the baseline mission module types.
These types include applications spanning basic electro-optical radiometers, multispectral
imagers, LASER/LIDAR systems, and synthetic aperture RADARs. These mission
module types were chosen for their diversity and their applicability to tactical space
applications. Because of the generic nature of this study, and due to the fact that
specifications for military systems (within these categories) are either classified or

unavailable at this time, estimates for mass, power, volume, and other specific
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requirements had to be generated from experience, remote sensing class notes, SMAD,
and the few analogous commercial, scientific, and civilian applications available for
inclusion. For purposes of this design study, however, which focuses on the design of a
specific satellite bus (not the mission modules), lack of specificity of mission module
designs will not impact the overall design of the bus. The purpose of a discussion of
mission module requirements will provide, in many cases, valuable performance
requirements to be met by the specific subsystems of the satellite bus (e.g., pointing
accuracy requirements will drive decisions made about attitude control system
components). In all cases, extrapolation of estimates was conservatively overestimated in

order to provide sufficient design margins.

13.4.3 Specific Mission Module Types

13.4.3.1 Electro-Optical Imaging (EO)

The least expensive, lightest weight, lowest power, and probably the widest used
payload type for tactical missions is the simple yet capable, high-resolution camera system.
Systems of this type gather electromagnetic (EM) radiation in the visible (VIS: ~0.37-
0.75 micron) and sometimes ultraviolet (UV: ~0.15-0.39 micron) regions of the EM
spectrum. The military utility of this type of imagery dates back to the first days of placing
observers in balloons, and later placement of cameras in reconnaissance aircraft. One
disadvantage of this mission module type is that, because it depends upon the reflected
illumination from the Sun, a satellite equipped with this type is most effective in Sun-

synchronous orbits (see orbit tradeoffs discussion).
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The configuration for this basic mission module type consists of a telescope
housing the optics, incorporating a compact “folded” optical design, and a sensor suite
housing the detectors (a charge-coupled device, or “CCD” array). The chosen orientation
for this mission module and others is axial, nadir-pointing from the “top” shelf of the
spacecraft bus orientation. Estimations are based conservatively (i.e., overestimating to
provide a design margin) on and extrapolated from the optics package and cameras used
on the (1994) Clementine 1 mission and proposed for the (1998) Clementine 2 spacecratt.
These high resolution cameras were originally developed for use on board small satellites
deployed at LEO and are, therefore, appropriate to this design study. Estimations use
aperture size (in centimeters) as the basis for all of these first-order estimates of mass and
power. These estimates will vary, of course, depending on individual detector size
(anywhere from 5-20 microns) and efficiency of optics design/construction. Overall field
of view (FOV) for these systems will be totally driven by the size of the CCD array. For
example, a system with an instantaneous field of view (IFOV -- the FOV for one detector)
of 2.86 microradians (one-meter nadir spatial ground resolution from a 350 km orbit), will
require a 1000 by 1000 detector array to cover a 1km by 1km ground target. Note that a
payload designer, depending on the performance capabilities desired, determines the
specific volumetric/mass characteristics for a mission module as well as the particulars of
the arrangement of the optics; therefore, estimation relationships are intended to be initial
“first order starting points” if no specific design is determined ahead of time.

Table 13-2 summarizes some estimated EO mission modules and their

characteristics. Optical diffraction limits use the radiometric resolution equation

¢ =1.220/D (Eqn 13-1)
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‘ where ¢ is the IFOV (in radians), A is the wavelength (in meters) of the EM radiation

‘ gathered by the optic, and D is the aperture (in meters) of the optic. For the EO mission

module, a central wavelength of 0.5 microns is assumed.

Table 13-2: Electro-optical (EQ) Mission Module Estimations

Aperture | Diffraction | Mass | Volume Power
(cm) | Resolution | (kg) (m®) (w)
(nrad/m)
30 2.03/0.71 23 0.035 7.5
40 1.53/0.53 41 0.082 10.0
50 1.22/0.43 64 0.158 12.5

13.4.3.2 Multispectral Imaging (MSI)

Advances in image processing as well as improvements in detector performance
over the past few years have made MSI a high-demand payload. The MSI mission module
uses several different arrays of detectors (CCD arrays), each optimized to detect a specific
band of EM radiation. Image processing produces simultaneous images of a target area
characterized at various regions of the EM spectrum. These regions may include spectral
bands from UV, visible, NIR (near infrared: ~0.8-3.0 microns), MIR (middle infrared:
~3.0-6.0 microns), and LWIR (long-wave (thermal and extreme) infrared: ~6.0-30.0
microns). Intensity levels at specific wavelengths may indicate, through analysis, a
particular activity, characteristic, or object within the field of view. By overlaying and
comparing the levels of intensity at speciﬁc wavelengths from a single target, many
characteristics of the target and subsequent target identification may be determined by
comparing the received spectra to known spectra (predetermined spectra for specific

substances -- a particular type of vehicle paint, for instance). Thus, MSI image processing




and analysis is related and/or analogous to spectroscopy, in which the characteristic
elements in a compound may be discerned by comparing (with established spectra for
suspected elements) the spectra returned from a (bombarded) sample. Though not as
dependent upon illumination from the Sun for radiometric sensing (infrared sensing,
especially thermal imaging, operates effectively on the night side of the Earth), the MSI
mission module is most effective in a Sun-synchronous orbit, due to its normal inclusion of
UV and visible region detectors. These orbit considerations will vary, in accordance with
varying detector types and specific mission objectives.

The key in MSI processing is the “suspected” ingredient -- spotting the component
spectra which best “match” those returned from the target (this is basically a “pattern
recognition” problem for image processing). The utility to military planners, of course,
will be the ability to ignore traditional camouflaging techniques which are necessarily
designed to subvert visible identification (i.e., MSI tactical users can discriminate between
a tank, a tank under camouflage, and a decoy tank under camouflage -- all due to subtle
differences in spectral characteristics). Development of decoy and/or camouflage
techniques to defeat this detection scheme will prove much more difficult and technically
demanding than traditional visible camouflage techniques due to the sophistication of the
methods involved. Another high utility function of the MSI payload is the capability to
determine minute changes in a target, based on changes in the spectral characteristics of
the target. This situation is analogous to taking a “before” and “after” picture of an object
to determine changes in position, motion, heating, cooling, loading, shape, or orientation.

A primary performance characteristic for these systems is “spectral resolution”

which gives a measure of the bandwidth of one spectral sample (pixel) from the mission
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equipment. This is analogous to the traditional spatial resolution which gives a measure
(along the surface of the Earth) of the width of one image sample (pixel). As the spectral
resolution of the system improves, the number of spectral channels (“bins™) resolvable
across one pixel increases. A high degree of spectral resolution provides a very accurate
spectral mapping of the target area. What image processing experts have found is that,

- given a known spectral signature for an object and sufficient spectral resolution (channels),
it takes significantly fewer pixels to spectrally identify that object than it would take to
spot the same target using a (finer) spatially-resolved EO system.

MSI payloads can use the same type of optical design as do EO payloads. The
difference between the two mission module types resides in the detector types and support
for those detectors, as well as the wavelength of EM radiation to which the optics and
detectors have been optimized. Detectors that share optics normally share optics which
have been simply optimized to the central wavelength of the full range of the detectors.
Most MSI payloads include a visible EM detector to include with the other detected
wavelengths. Basically, the MSI payload splits the target irradiance (received by the
optics) into several beams, routing specific bandwidths to their appropriate detectors. The
routing method may take any number of different forms, including diffraction gratings (this
tends to be the most efficient method), prisms, special fiber optic cables, or elaborate
reflection/transmission optics. Additionally, for thermal imaging detectors (LWIR) a
varying requirement for cryogenic cooling will be required, depending on chosen detector
type, semiconductor material, and desired sensitivity.

Physical characteristics for the MSI mission module are similar, but more massive

and more power-hungry, than the EO mission module, due to the additional support
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required for the different spectral detection bands. Estimations are extrapolated from MSI
payloads based on the Miniature Sensor Technology Integration-3 (MSTI-3) program and
the MSI sensor suites for Clementine missions 1 and 2. As with the EO payloads, the will
be overestimated when compared to these specific examples -- again, accounting for a
design margin. MSI payload characteristics will vary according to specific design and
performance requirements, and the estimations account for this likelihood by allowing
initial, first-order estimates on mass, power, and cost, to be edited.

Estimates for MSI mission modules and their vital characteristics are included in

Table 13-3.

Table 13-3: Multispectral Imaging (MSI) Mission Module Estimations .

Aperture | NIR (1.5um) | MIR (4.0pum) | LWIR (10.0um) | Mass | Volume | Power
(cm) Diffraction | Diffraction Diffraction kg) | @) (w)
Resolution Resolution Resolution
(urad/m) (urad/m) (urad/m)
30 6.1/2.135 16.3/5.69 40.7/14.23 285.] 0.039 | 60.0
40 3.75/1.3125 | 12.2/427 30.5/10.68 503 | 0.089 | 80.0
50 3.0/1.05 9.76/3.42 24 .4/8.54 787 | 0.169 100

13.4.3.3 LASER/LIDAR Applications

Using optics similar to the EO package -- in some “functionally dense” mission
modules, the VERY same optics as the visible camera/detector -- the LASER imaging
payload adds a LASER head and power supply (LASER pump) in order to illuminate a
target with a specific wavelength of EM radiation. This method effectively increases the
irradiance (the number of photons) from the target that is returned to the detector, thereby

enhancing imaging performance for that given wavelength. Concurrently, due to the
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coherence of the returned signals, highly accurate ranging and range rate (velocity)
determination is possible (similar to a RADAR). Because the LASER mission module
provides its own illumination, it could operate effectively in orbits other than Sun-
synchronous and at night, making it more tactically available. Due to the narrow beam,
however, LIDARs are not normally used to illuminate or track moving targets. These
mission modules can produce very accurate three-dimensional, narrow-swath imagery
(especially for range determination) , making them well-suited for topographical missions
and atmospheric/meteorological (cloud system) observations. Of course, an active sensor
system such as this will require much more power than passive systems.

A major drawback for the LASER or LIDAR system is atmospheric attenuation of
the LASER light illumination from the spacecraft. Atmospheric attenuation varies with
varying wavelength of light from the LASER. Any mission designed to perform active
sensing of targets on or near the Earth’s surface will require more and more power
pumped into the LASER, depending on the desired level of irradiance incident on the
target and the wavelength of the LASER. Power requirements increase substantially if the
system must perform its mission through atmospheric disturbances, such as storm clouds
over the target. This increasing power requirement will drive up power system mass and
overall spacecraft mass and cost. LASER mission estimators are based on the LASER
head and power supply flown on Clementine 1 and proposed for the Clementine 2
spacecraft, due to its initial development for LEO applications (these LASERSs are in the
100-200 watt range and weigh a few kilograms) (BMDO, 1994; Clementine Team, 1996).
These estimators provide conservative initial values for mass, size, and power, which may

then be updated if more accurate specifications are known.
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A good example of a surface-sensing topographical/meteorological mission

payload is a proposal for a NASA spacecraft for launch around 2000 (as a technology

demonstration). This system incorporates a 500-watt LASER and will achieve an

estimated altitude accuracy (of surface features) of one to two centimeters (NASA, 1995).

LASER technologies also may extend into more exotic applications, such as

extremely high data rate communications packages and tactically-applied LASER

designation systems (see Future Technologies and Continuing Investigations). While

these experimental and/or developmental applications are not specifically addressed in this

design study, a theoretical mission module for a more exotic LASER application may still

be modeled by simply editing the pre-generated estimates for mass, power, and other

characteristics. Additional mission module components may also be modeled by simply

specifying the new component characteristics and adding them to the mission module.

Table 13-4 summarizes some estimated LASER/LIDAR mission modules and their

characteristics.

Table 13-4: LASER/LIDAR Mission Module Estimations

Aperture (m) | LASER Power (w) Mass (kg) Volume (m*) | Power (w)
30 300 38.7 0.044 318
40 250 56.7 0.089 274

13.4.3.4 Synthetic Aperture Radar (SAR)

By far the payload with possibly the greatest potential tactical “payoff” is the

Synthetic Aperture RADAR or SAR mission module, which can produce very high

resolution images through intensive image processing. SAR mission modules, like
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LASER-based mission modules, are active sensing systems and, as such, generally require
an order of magnitude greater power to operate than passive systems (EO and MSI).

An advantage of the SAR mission module is that, because of the microwave
frequencies used (typically 1-25 centimeters), its signal is much less susceptible to
atmospheric attenuation. SAR sensing capabilities are applicable in all atmospheric
conditions, regardless of weather over the target. Additionally, SAR operates effectively
in either sunlit or night conditions. SAR also has the capability of imaging underground,
enclosed, or physically covered objects by penetrating the enclosures or ground covers.
This day-night, all-weather capability makes SAR a highly desirable mission module type
for tactical space applications. Tailoring of many SAR design characteristics, including
power level, operational wavelength, physical aperture size, antenna gain, and pulse
repetition frequency (the rate at which the SAR alternates between transmitting and
listening) correspondingly tailors the equipment to the user’s requirements for imaging at
different resolution settings as well as imaging different surfaces, materials, or features
(Brodsky, 1992: pp.271-274). If the antenna for the SAR is steerable, either physically
(gimballing mechanisms) or electronically (phased array architecture), and the satellite bus
can support accurate pointing capability (typically within 0.1 degrees accuracy, with 0.05
degrees attitude knowledge), the SAR may perform “spotlighting.” Spotlight mode for a
SAR trains the transmitted beam of microwave radiation at a target for a longer period of
time, mimicking a “staring” system and producing image spatial resolutions generally two
times to four times better than a SAR mission module’s normal operating mode (Rees,

1991). This flexibility makes the SAR widely applicable to missions ranging from one-
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meter (or better) imaging of “normal™ targets (such as buildings or vehicles) to weather
pattern, ocean current, and wind velocity sensing and/or tracking (NASA, 1995: sec. 7).

The disadvantages for SAR, as applied to small tactical satellites, include the fact
that a SAR requires tremendous amounts of power (typically greater than 500 watts, with
still greater peak output requirements for enhanced spotlight and/or boosted signal
modes), and the fact that the arrays used for transmission/reception of the microwave
signals have to be large (typically 10x2 meters) in order to provide an effective antenna
area sufficient to: 1) cover a large swath and 2) exhibit good gain properties. There is a
classic design tradeoff between defocusing the antenna for coverage and requiring a
sufficient signal to noise ratio for the desired application. Increasing the power output of
the SAR also serves to increase the signal to noise ratio of the system, not surprisingly,
but at a cost of a higher power requirement placed upon the spacecraft bus. The designer
of the antenna must account for many other factors (range of frequencies to be used,
polarization, and types of targets to be sensed) as well.

The ultimate application of the mission module drives much of the SAR design,
and for a SAR package to be made as small as possible, the designer should focus on a
more specialized application. The more specialized the mission the smaller (more
optimized) the package may be made (Jack-of-All Trades SAR packages have tended to
be quite large -- Canada’s RADARSAT antenna with supporting electronics weighs in at a
whopping total mass of over 900 kilograms) (NASA, 1995: sec. 7).

A tradeoff in SAR design also exists with the selection of carrier frequency. A
SAR operating at higher carrier frequencies is better able to discriminate between phase

and frequency shifts associated with the Doppler effect, further enhancing resolution
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precision; higher and higher microwave frequencies, however, become more and more
susceptible to atmospheric attenuation, further increasing noise effects. More signal may
be provided by an increase in transmitted power (as stated above), thus combating the
effects of atmospheric losses. With these considerations in mind, the tactical SAR mission
module should include a high-power (greater than 500 watts) SAR operating at higher-
frequencies (Ku, Ka, or X bands, a wavelength range of 1-4 centimeters) and specifically
tailored for the tactical military role of all-weather high-spatial-resolution imaging
(matching or exceeding the mission and performance requirements for a high-resolution
EO mission module). The SAR antenna should incorporate a spotlight mode by utilizing a
phased array architecture (saving weight by using fewer mechanical components).

Mass and power estimations for Modsat are based on a lightweight NASA SAR
payload under development for flight by the year 2000. This equipment will incorporate an
electronically steerable phased array (10x3.5 meters) along with the transmitter/receiver
electronics. The drive for this technology development stems from the need for smaller,
lighter-weight SAR payloads launchable on small satellites and boosters (Pegasus, Taurus,
LMLYV). The applicability of SAR technology to a multitude of general imaging as well as
scientific applications (mentioned earlier) drive this need. The proposed package requires
under 500 watts of power and has a mass of under 100 kilograms for both the array and
RF driver electronics (NASA, 1995: sec. 7, p. 22). The existence of this technology
development makes the small satellite (Pegasus-launched) SAR mission module feasible
for consideration in this design study. Further mass and volume reductions may be made
by specializing the mission module performance to high-resolution imagery, as well as by

funding a more aggressive (i.e., military-focused) technology program (the proposed
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technology program is aggressive in approach, but its focus is on general Earth-science
applications).

As with the other payload types, the SAR support requirements are highly
dependent upon the intended use of the mission module and the designer’s choices. Initial
SAR equipment estimation will vary according to the designer’s wishes, accounting for
the variation in mission module characteristics. Some estimated SAR mission modules

(with stowed antenna -- launch configuration) are summarized in Table 13-5.

Table 13-5: Synthetic Aperture RADAR (SAR) Mission Module Estimations

Antenna Dimensions (m x m) Mass (kg) Volume (m*) Power (w)
80x1.5 78.4 0.318 800
10.0x2.0 86.5 0.564 450

13.4.4 Generally Specified Mission Module Support Requirements

Though the aforementioned mission module types are varied in both type and
specification, there are certain requirements on the bus which may be specified, allowing
components in many of the spacecraft subsystems to be chosen for all candidate designs.
The requirements specifiable through mission module consideration include stabilization
control, pointing accuracy, attitude knowledge, thermal isolation, operating power, data
handling, data storage, and data down-link.

Data rates of specific mission modules will depend on the number of image pixels
processed every second as well as the dynamic range assigned to each pixel. For a basic
“pushbroom” linear detector array (electro-optical payload) integrating 1024 (1k) pixels

every 130 microseconds (approximately one-meter spatial resolution from a 350 kilometer
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orbit), the data rate for 16-bit (2-byte) dynamic range is 16.8 megabytes per second
(Mbytes/s). Error correction coding effectively doubles the data rate (in the case of the
example) to 33.6 Mbytes/s (Brodsky, 1992: p.275). Incorporating 10 spectral channels
(across each pixel) into this example calculation (estimating a very high capacity MSI
payload), the data rate skyrockets to 336 Mbytes/s. SAR images include not only
intensity levels in every image pixel, but also azimuth, elevation, range, frequency, phase,
and timing information, amounting to several bytes per reconstructed (synthesized) image
pixel. Typical data rates for SAR payloads are above 100 Mbytes/s. The spacecraft bus
must be able to accommodate these high data rates. As a minimum, the satellite bus
should be able to handle on-board data rates from the payload in excess of 150
Mbytes/sec. Higher on-board data rates may be supported by additional data buffers
supplied with the mission module (i.e., higher data rates than those ultimately set by the
bus design become “mission specific,” and the additional componentg required for support
of these higher rates then become one of the mission module design’s requirements).

Data storage capacity requirements will vary according to both the type of mission
module, its data collection rate, data compression scheme, and data down-link scheme. A
down-link scheme intended to transmit data in near-real-time may require the bus to carry
a modest storage device (like the solid state data recorder (SSDR) carried by Clementine
1) of 1 or 2 Gbytes storage capacity. A high data rate mission module or a higher data
latency down-link may require substantially more data storage capacity, but the 2 Gbyte
SSDR should be considered a minimum. Data compression rates typically average four-
to-one, compressing 16-bits into four, but may range up to 12:1 or even 20:1. The

tradeoff with data compression schemes is that with increasing compression, the
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probability of data loss increases. More discussion of data down-linking and data storage
may be found in the Command and Data Handling section.

All of the various types of mission modules, all of which are imaging systems, will
require a high degree of pointing accuracy, attitude knowledge and stabilization.
Depending on the specific mission module, these requirements may differ, but they will all
require pointing accuracy on the order of 0.1 degrees and attitude knowledge on the order
of 0.05 degrees. As a requirements example, the Clementine 2 spacecraft will be designed
to accuracy and knowledge values of 0.05 and 0.03, respectively. Accuracy/knowledge
requirements of 0.1/0.05 should be considered maximum allowable margins and should be
taken as an attitude system design goal. This range of attitude precision will require a
three-axis stabilized spacecraft bus.

Finally, if one bus must be able to support a wide range of mission module types, it
must be able to supply sufficient power (both average and peak power requirements). The
greatest differences in power requirements may be seen by comparing the passive sensors
(EO and MSI) the active sensors (LASER and SAR). The active sensor-equipped mission
modules will require substantially more power from the bus than will the passive sensor-
equipped ones (several hundred watts for the active sensors compared to about 100 watts
maximum for the passive sensors). The highest-demand mission module design will most
likely be a SAR-equipped modulé with a peak power of greater than 500 or 700 watts (for
its spotlight mode). The design of the power systems for the spacecraft bus must account
for these possibly very high peak power requirements.

In conclusion, all design requirements that the bus must meet will be driven by the

most demanding mission module type in all cases. Furthermore, because of the lack of
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specificity of mission module designs, those driving design requirements must necessarily
be interpreted “ranges” of values, as opposed to exact quantities. Table 13-6 summarizes

the requirements necessary for support of the various mission module types.

Table 13-6: Estimated Mission Module Support Requirements

Bus Performance Criteria Mission Module Support Requirement
Pointing Accuracy 0.2-0.1 degrees or better
Attitude Knowledge 0.07-0.05 degrees or better

Data Compression 4:1 minimum
Data Storage Capacity 2Gbytes minimum; modular unit
Data Handling Capacity 150 Mbytes/s or better
Thermal Environment thermally isolated from mission module
Available Mission Power peak power from 500-900 watts
Available Mission Launch Mass 120 kg or better
Available Mission Launch Volume 0.6 m’ or better

13.5 Other considerations

No further changes or refinements were made to the other sections of problem

definition. The satellite design team used the data presented in the first iteration for the

alterables, constraints, and actors.
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14. Value System Design

14.1 The Evolution of the Value System Design

In the first phase the study, the objectives were treated as conceptual attributes by
which to subjectively compare the alternatives. As the study progressed to a more

detailed level, the team emphasized the need to use measurable objectives as much as

possible. In phase two, the initial set of objectives was overhauled in an effort to create a
more objective framework for measuring the performance of the alternatives. The team
added subobjectives with specific measures of effectiveness that could be obtained through
modeling and analysis.

Moreover, the value system was modified to account for feedback from the CDM,
advancements in system modeling, and maturity of subsystem engineering. The first phase
considered that the main objectives were cost and effectiveness, in order to capture the
classic tradeoff between these two attributes. As the study progressed, it was seen that
the effectiveness branch of the hierarchy should be decomposed into several main
objectives that would capture the various qualities of effectiveness. Availability was
retained as a main objective. Responsiveness was re-labeled as tactical responsiveness in
order to emphasize the tactical nature of the spacecraft bus. The qualities of flexibility and
capability were captured under the new main objective of maximizing mission utility.
Finally, the minimization of program risk was added as a main objective.

For the objective of minimizing cost, phase one considered only monetary value.
Phase two expanded the notion of cost to consider time and effort. The objective to
minimize the time to full rate production was added, while the operations cost sub-
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objectives were evaluated by assessing the effort required to carry out the tasks. Under
operations cost, the objective to minimize maintenance cost was added to account for the
effort required to keep stored busses and components in mission ready condition.

Under the new main objective to maximize mission utility, several specific
performance objectives were added to enhance the evaluation of mission capability.

Under the availability objective, the potential for overlapping attributes was
decreased by consolidating the relevant attributes under reliability (natural threats and
environmentat effects) and survivability (man-made threats).

Under tactical responsiveness, the objective to minimize turn around time to
launch was found to cover areas that are beyond the scope of this study, such as launch
vehicle operations, operational procedures, and issues regarding the structure and
manpower of the necessary operational Therefore, this objective was changed to the
objective of minimizing preparation time to launch, in order to capture those elements of
the alternative concepts that are relevant to the study and affect this important attribute.

The responsiveness sub-objective of minimizing time for data was changed to the
objective of minimizing of data latency. The original definition included elements that
were beyond the scope of this study, such as ground communication and ground
processing. The new definition concentrates only on the relevant aspects of the spacecraft
bus, such as data processing and data down-linking architectures.

The objective to maximize the capability for tactical maneuvers was added under
the tactical responsiveness objective, in order to emphasize the desire of the CDM for a

tactical platform.
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Under the new objective of minimizing program risk, sub-objectives were added to

cover the areas of cost, schedule, and performance risk.

14.2 Modsat Objectives

The set of objectives used for this study is intended to fully capture the values of
the CDM and provide a consistent framework for the evaluation of alternatives. Thus, all
of the objectives discussed below were used to guide the development of subsystem and
system-level solutions. Throughout the design of the overall system, many tradeoffs were
performed at the system and subsystem levels, in an effort to form a reasonably sized
solution space within which alternative system solutions could be evaluated. As a result,
the remaining alternative solutions satisfy several of the objectives equally well. Although
these objectives do not contribute to the determination of the best solution, they were
instrumental in the development of each candidate.

The main objective of the Modsat study was to produce the best standardized bus
for small, tactical, low-earth orbit satellites. The top-level objectives are shown in Figure

14-1. The following sections explain each objective.
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Figure 14-1: Top-level Objectives

14.3 Measures Of Effectiveness

Each bottom-level sub-objective has a unique measure of effectiveness. The ideal
MOE is a natural scale which can be directly measured or combuted, such as speed in
meters per second. However, the true MOE is often difficult and impractical to obtain.
This is especially true for studies which occur early in the life-cycle of a system, where
modeling and testing is limited. In this case, two options are available (Clemen, 1996:79).
The first is to use a proxy measurement. The proxy should be closely related to the
objective under consideration. The second option is to “construct an attribute scale for
measuring achievement of the objective” (Clemen, 1996:79). This requires the definition
of levels of performance for the objective, with levels ranging from best to worst.
According to Clemen,

The key to constructing a good scale is to identify meaningful levels,

including best, worst, and intermediate, and then describe those levels in a

way that fully reflects the objective under consideration. The descriptions

of the levels must be elaborate enough to facilitate the measurement of the
consequences (Clemen, 1996:80).

Several of the MOEs for this study are actually combinations of proxy

measurements and attribute scales. For instance, all sub-objectives of the objective to
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minimize pre-launch operations cost are measured by an attribute scale that determines the
difficulty of performing the task, as opposed to the actual dollar cost of performing the
task. All attribute scales used for this study have six levels, from zero (worst) to five
(best). It was felt that six levels provided enough detail to make intelligent judgments.
Also, the scale from zero to five translates well into the common utility scale of zero to
one (discussed in section 14.5).

The MOE: for each objective are described in section 14.4. Included for several
of the objectives are the contributing factors that aided in the construction of attribute
scales. For some of the attribute scales, it was not necessary to fully define all six levels,
since the definition of the best and worst levels made it clear how the intermediate levels
would be defined.

Although most of the MOEs are constructed attribute scales, future design efforts

for this program must convert these to natural scales wherever possible.

14.4 Objective Hierarchy

14.4.1 Minimize Cost

The sub-objective hierarchy under “Minimize Cost” is shown in Figure 14-2. For
this study, cost is made up of two main elements. The first element is monetary cost. The
performance of each monetary cost objective may not be measured in actual dollars; for
some objectives a proxy utility scale will describe the cost. For others, cost estimating

relationships (CERs) may be used where such relationships are available. CERs yield a
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cost in dollars, but all such costs must be stated for the same year (i.e., FY96 dollars).

The second main element of cost is time to full rate production.

! Min :
| Cost i
: !

I 1 :
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[ Ops r ‘l Retirement E
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Figure 14-2: Cost Objectives

14.4.1.1 Minimize Monetary Cost

Monetary cost has several elements, discussed below. Some key points that were
kept in mind when evaluating costs for this study were:

e Avoid overlapping and double-counting. Without careful accounting, the various
elements of development, production, and operations cost can be easily counted more
than once under different calculations. This would inflate the overall estimation of
cost, and would tend to make the cost objective appear more critical than it would be
otherwise.

e Use the same fiscal year base for dollar values.
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The use of any CER must be validated as to its applicability to the problem. The use
of irrelevant CERs can lead to serious errors in cost estimation For example, CERs
for the radio equipment of different aircraft types may be similar, but the engine CERs
for a bomber and a fighter could be quite different. The two types of engines are
designed to satisfy very different demands. Thus, the use of bomber engine CERs for
fighters could cause inaccurate estimations.

This preliminary design study is not an appropriate forum for a highly detailed cost
analysis. Any generated cost values were intended for comparing the relative program
element costs of competing alternative solutions, and should not be interpreted as
actual predicted costs for the spacecraft bus.

Cost values for recurring and non-recurring costs are not additive, and must not be
added together in attempt to find an overall cost. Alternative solutions will be

evaluated separately for each attribute.

There are four main sub-objectives under “Minimize Monetary Cost™:

14.4.1.1.1 Minimize Research, Development, Test and Engineering (RDT&E) Cost

This category includes all non-recurring costs from the beginning of the project to

the production effort.

MOE: Cost estimating relationship

14.4.1.1.2 Minimize Bus Production Cost

This objective covers the cost of manufacturing the final product.

MOE: Cost estimating relationship
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14.4.1.1.3 Minimize Retirement Cost

A complete spacecraft design effort should consider disposal of the spacecraft at
the end of its useful life. The spacecraft could be retired via reentry into the atmosphere
(by natural orbital decay or by a AV maneuver), or by placement into a “retirement” orbit.
The method of retirement will dictate the cost. For instance, a AV burn-in requires the
reservation of propellant for retirement purposes. On the other hand, it can be done
quickly. A natural decay retirement requires no propellant, but will tap space operations
resources, as personnel and equipment must be used to keep track of the useless
spacecraft.

MOE: Attribute scale

Contributing factors:
- Amount of excess fuel for retirement purposes
- Time required to track the dead satellite

- Hazards to environment/people

5 Satellite can be retired quickly after its useful life is gone; retirement
procedure is simple; no significant hazards to environment/people.

0 Dead satellite will remain in orbit for years before retirement; complex
procedures; significant hazards to environment/people.

14.4.1.1.4 Minimize Operations Cost

This cost can be divided into pre- and post-launch costs.
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14.4.1.1.4.1 Minimization of Pre-Launch Operations Cost

This is the sum of all ground expenditures necessary to prepare the satellite for
launch. Since this study occurred as a first step in the potential life-cycle of the tactical
bus program, the performance of the pre-launch operations cost subobjectives cannot be
realistically measured in dollars. Rather, they can each be evaluated by proxy attributes.

The sub-objectives for this cost are:

14.4.1.1.4.1.1 Minimize Cost of Mission Module Integration and System Test

This cost covers all efforts to mate the mission module to the bus, and to test the
integrated satellite. There are various manpower, equipment, software, and overhead
costs associated with connecting the power, signal, thermal, and structural interfaces. The
testing effort includes all actions to ensure the integrated satellite is ready to be shipped
for launch.

Proxy: Maximize Ease of Mission Module Integration and System Test
MOE: Attribute scale
Contributing factors:

- Complexity of bus/mission module interface

- Complexity of total spacecraft

- Number of components and parts

- Accessibility of components and connections

- Number of connections and cables

- Number of possible configurations

- Complexity of signal flows (power, data)

5 Easy to integrate and test; simple bus/mission module interface; few
components and parts; few cables and connections; few subsystem

interfaces; total accessibility of all components for diagnostic testing; one
standard bus configuration.
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0 Extremely difficult to integrate and test; highly complex bus/mission
module interface; many components and parts; abundant and complicated
system of cables and connections, components are highly inaccessible;
many possible system configurations; complex system of signal flows.

14.4.1.1.4.1.2 Minimize Cost of Storage, Handling, and Transportation

Includes facilities, equipment, special procedures, manpower and overhead.
Proxy: Maximize Ease of Storage, Handling, and Transportation
MOE: Attribute scale
Contributing factors:

- Number of sensitive parts needing special care while storing, handling,
and transporting

- Amount and complexity of special equipment required to store, handle,
and transport

- Special requirements for storage, handling and transportation (i.e., clean
room requirements)

- Number and severity of required safety precautions (i.e., hydrazine
propellant is very hazardous)

- Amount of storage time required for parts and assembled busses.

- Classification of program

5 Standard clean room practices for storage and assembly; no extra sensitive
parts, minimum basic safety precautions; no unusual equipment required
to handle parts; no special classification difficulties; standard inventory-
supply system to track and store parts and assembled busses; minimum
storage time required; no unusual transportation requirements.

0 Very strict storage requirements (vacuum chamber, nuclear durable, etc.),
many highly sensitive components; many complicated safety precautions;
highly unique procedures and equipment required; highly unique
inventory-supply system required; special classification difficulties.

110




14.4.1.1.4.1.3 Minimize Cost of Maintenance

There are various costs associated with maintaining the spacecraft hardware and
software, including manpower, spares, and supplies. This covers both periodic
maintenance and repairs. Since the operations concept includes the storage of several
busses, periodic maintenance checks will be necessary to support the equipment. This is
especially true for those components that may have a relatively short shelf-life.

Proxy MOE: Maximize Ease of Maintenance
MOE: Attribute scale
Contributing factors:

- Amount of maintenance required

- Accessibility of components

- Cost and Availability of parts

- Subcontractor warranty policies

- Shelf of life parts

- Expected storage time of unassembled components
- Expected storage time of assembled components

- Complexity of design

5 Minimum inventory; all parts ordered just prior to assembly;, assembled bus
quickly integrated with mission module and shipped for launch; highly
robust parts and design, requiring very little routine maintenance; simple
bus configuration, with easy accessibility to components;, components
readily available and not overly expensive, components under warranty;
infinite shelf-life of parts.

4 Small inventory; some storage time required for parts and assembled
busses; robust parts and design; some routine maintenance; simple-to-
moderately complex bus design,; easily accessibility to components;
components readily available and under warranty; long shelf-life.

3 Small-to-moderate inventory, moderate storage times required; some
routine maintenance; moderately complex design; some accessibility to
components; components available with short lead times; moderate shelf-
life.
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2 Moderate inventory, moderate-to-long storage times, much routine
maintenance; complex design; difficult to access components;, moderate
lead times; marginal shelf-life.

1 Large inventory; long storage times; much routine maintenance; complex
design; very difficult to access components; long lead times; short shelf-life.

0 Large inventory, with many components held for a long time; long-lead
time required for delivery of parts; expensive parts; assembled bus held in
storage for many months; parts break before needed, and not covered
under warranty; complex bus design requiring extensive routine
maintenance; components highly inaccessible.

14.4.1.1.4.1.4 Minimize Cost of Launch Integration and Test

This covers all efforts to mate the satellite to the launch vehicle, and to test the
loaded rocket.
Proxy: Maximize Ease of Launch Integration and Test
MOE: Attribute scale
Contributing factors:

- Complexity of LV-to-spacecraft interface

- Sensitive parts requiring special care and precaution, such as spacecraft
propellants, solar arrays, antennas, sensors, etc.

- Special integration considerations

- Number of connections for power and data flow

- Difficulty of testing the integrated spacecraft

- Rigidity of structure

5 Simple interface; few connections and attachment points; rigid, solid
structure; few sensitive parts and special precautions required; few/small
deployable structures (solar arrays, antennas, etc.); maximum
accommodation of testing; few unique integration issues.

0 Highly complex interface; many connections and attachment points;
awkward structure, susceptible to undesirable moments, forces and
frequencies; many sensitive parts and systems, requiring many special
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precautions and procedures; awkward and inhibiting deployable structures;
testing the integrated system is difficult; several unique integration issues.

14.4.1.1.4.2 Minimize Cost of Telemetry, Tracking, and Commanding (TT&C)

This cost covers all operational expenditures for tracking, commanding, and
maintaining the orbiting satellite. Elements of TT&C include ground segment hardware
and software, satellite operations personnel, and communications and data flow
operations. Although the evaluation of the most of these elements is beyond the scope of
this study, alternative concepts will be judged as to how well they facilitate the TT&C
function.

MOE: Attribute scale
Contributing factors:

- On-board processing

- Dedicated antennas, number of antennas
- AFSCN compatible

- Data down-link

- Data delivery

5 All data processing can be done on-board; fully autonomous; AFSCN
compatible; high data rate transmission on separate band; user-friendly,
simple but powerful system for commanding and analyzing telemetry.

4 Most of the data processing can be done on-board; highly autonomous;
AFSCN compatible; high data rate transmission on separate band; user-
friendly, simple system for commanding and telemetry, with standard
analysis features.

3 Some on-board data processing; semi-autonomous; AFSCN compatible;
high data rate transmission on separate band; user-friendly, simple system
for commanding and telemetry, with standard analysis features.

2 Some on-board data processing; no autonomy; AFSCN compatible;
standard command and telemetry system.

1 No on-board data processing; no autonomy, AFSCN compatible; much
ground support required; standard command and telemetry system.
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0 No on-board processing; no autonomy; extensive ground support
required, with many man/computer hours; only compatible with a single,
dedicated ground station (no AFSCN compatibility).

14.4.1.2 Minimize Time to Full Rate Production

Assuming that this program will be approved for further development at each
program milestone, the time required to achieve full rate production of busses should be
minimized.

MOE: attribute scale
Contributing factors:

- Complexity

- Level of technology

- Availability of technology

- Challenges to manufacturing
5 All technology currently available and on the shelf, no special development

effort required; no long-lead times for parts and processes; no significant

advances in manufacturing required.

4 All technology currently available; one or two significant challenges in
development; no major manufacturing advances required.

3 Most technology currently available;, a few significant challenges in
development; at least one major manufacturing advance required.

2 Most technology currently available; many significant challenges in
development; one or two major manufacturing advances required.

1 Some technology currently available; many significant development
challenges; a few major advances in manufacturing required.

0 Much technology under development or unavailable; most parts and

processes require special development effort; several advances in
manufacturing technology required.
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14.4.2 Maximize Tactical Responsiveness

Modsat is intended for tactical applications, as has been stressed by the CDM.
Thus, responsiveness is a primary objective. Modsat satellites must be able to respond
quickly to rapidly generated needs and mission requirements. One major driver of
responsiveness is the availability of a launch vehicle; however, it was assumed for this

study that launch vehicles are continuously available.

Max Tactical
Responsiveness

|
| ‘ ] ]

Min Preparation Min Data Max Capability for
Time to Launch | Latency Tactical Maneuvers

Figure 14-3: Tactical Responsiveness Objectives

14.4.2.1 Minimize Preparation Time to Launch

This time interval begins with the demand for a particular Modsat mission, and
ends with the delivery of the satellite for launch vehicle integration. The phrase “launch-
on-need” has been used throughout the study. It implies the ability to launch within a few
days, as opposed to several months.

MOE: Attribute scale
Contributing factors:

- Number and level of activities required to integrate mission module to bus
and prepare satellite for launch

- Number of man-hours required to integrate mission module to bus and
prepare satellite for launch

- Number of equipment/computer hours required

- Special systems and processes required

- Safety hazards

- Complexity of bus-to-mission module interface
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- Complexity of launch vehicle-to-payload interface
- Number and complexity of integrated system tests

Assumptions:
- Launch vehicles and launch sites are available when the need arises
- Each alternative uses the same manpower and facility scheduling scheme

5 Relatively few activities required to integrate the mission module to the
bus, and to prepare the satellite for launch; process is not man-hour or
equipment-hour intensive; few special systems and processes required;
relatively few significant safety hazards exist; simple interfaces; only a few,
simple tests required on the integrated systems.

0 Many difficult activities required to integrate the mission module to the
bus, and to prepare the satellite for launch; process is highly man-hour and
equipment-hour intensive; many special systems and processes required,
many significant safety hazards exist; highly complex interfaces; many
challenging tests required on the integrated systems.

14.4.2.2 Minimize Data Latency

Data latency refers to the time between mission data collection and reception by
the user in raw form. This objective should capture the differences in data processing and
data down-linking architectures.

MOE: Attribute scale
Contributing factors:

- Down-link rate.

- On-board data processing capability.

- Data delivery architecture.

5 Very fast turnaround-time from data collection to data reception in useable
form; highly flexible and capable data delivery architecture, compatible

with AFSCN, dedicated and portable stations; very high data down-link
rate.
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4 Fast turnaround-time from data collection to useable reception; highly
capable and somewhat flexible data delivery architecture; very high data
down-link rate.

3 Moderate turnaround-time from data collection to useable reception; highly
capable but inflexible data delivery architecture; high data down-link rate.

2 Moderate turnaround-time from data collection to useable reception;
moderately capable, inflexible data delivery architecture; moderate down-
link rate.

1 Slow turnaround-time from data collection to useable reception; low-
capability, inflexible data delivery architecture; moderate to low down-link
rate.

0 Very slow turnaround-time from data collection to useable reception; very

low-capability, highly inflexible data delivery architecture; low to very low
down-link rate.

14.4.2.3 Maximize Capability For Tactical Maneuvers

The satellite may be called on to perform plane changes or slewing maneuvers in
response to tactical mission needs. This sub-objective covers both slewing capability and
AV (change in velocity) capability, which depend on how much extra fuel is loaded
beyond that required for normal usage. AV is a more useful measure than the mass of
extra fuel, since AV performance is proportional to specific impulse, which can be
different for different fuels and propulsion systems of the same weight.

MOE: Attribute scale
Contributing factors:

- Slew rate
- Amount of delta-V (fuel) available for plane changes

Note: The output torque capability of the reaction wheels is a proxy
measure for the achievable slew rate. The available delta-v for plane
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changes is found by subtracting from the total delta-v supply the amount
needed for altitude maintenance and momentum dumping.

5 Very fast slew rate; two-degree plane change allowed.
4 Fast slew rate; 1.5-degree plane change allowed.

3 Moderate slew rate; one-degree plane change allowed.
2 Moderate slew rate; 0.5-degree plane change allowed.
1 Slow slew rate; 0.5-degree plane change allowed.

0 Very slow slew rate; no capability for plane changes.

14.4.3 Maximize Availability

A sound system design for Modsat must attempt to maximize on-orbit availability.

The bus must endure both natural and man-made hazards. Natural hazards are considered

under reliability, while man-made hazards are considered under survivability.

Max
Availability

Max

Reliability, R(t) Survivability

Max

Figure 14-4:

14.4.3.1 Maximize Reliability

Availability Objectives

For the purposes of this study, reliability refers to the probability that, given a non-

hostile environment, the bus will be able to perform its primary mission of supporting the

mission module at a given point in its lifetime. It is partly a measure of the hardness of the
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bus to the natural space environment over the satellite’s lifetime, within a specified
confidence level. Since the maximum lifetime requested by the CDM was one year, this
objective was as evaluated as the reliability at one year. But high reliability beyond the
one year point has value, in that more use could be made of a given Modsat satellite. If it
could be shown that Modsat could achieve high reliability at two or even three years, with
little impact on cost, this would greatly interest the CDM.

MOE: Overall system reliability at one year, R(one year).

14.4.3.2 Maximize Survivability

Survivability refers to the ability of the system to perform its intended mission after
exposure to stressing environments created by enemy or hostile agent.
MOE: Attribute scale
Contributing factors:

- “Safe” modes of operation

- Ability for evasive maneuvers

- Shielding from radiation and EMP

- Protection of circuitry and computer memory

5 Auto safe mode; full array of evasive maneuvers available; structure and
components have maximum shielding against radiation and EMP; extensive
protection of circuitry and computer memory.

4 Remote safe mode; limited evasive maneuvers; structure and components
have moderate level of shielding; extensive protection of circuitry and
computer memory.

3 Remote safe mode; limited evasive maneuvers; structure and components

have moderate level of shielding; limited protection of circuitry and
computer memory.

119




2 Limited remote safing actions; no evasive maneuvers; limited
shielding of structure and components; limited protection of circuitry and
computer memory.

1 No safe mode; no evasive maneuvers; no shielding of structure and
components; limited protection of circuitry and computer memory.

0 No safe mode; no evasive maneuvers; no shielding of structure and
components; no protection of circuitry and computer memory.

14.4.4 Minimize Program Risk

Program risk refers to the potential for elements of the program to fail to come

togetherv as planned. Risk can be assessed in the areas of cost, schedule, and performance.

Min
Program Risk

[ ]
Cost Schedule Performance

Figure 14-5: Program Risk Objectives

14.4.4.1 Minimize Cost Risk

Each system development program has cost risk, in that the predicted life cycle
costs or individual elements of the cost may be much higher than planned. In a sense, cost
risk is a measure of the lack of confidence in the cost estimates. An accurate and
dependable cost model helps to lower cost risk.

Note the difference between cost risk and cost. An alternative solution that has a
high cost but for which there is a great deal of confidence in the cost estimate would have
low cost risk. Likewise, an alternative that has a low cost but for which there is low

confidence in the cost estimate would have high cost risk.
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MOE: Attribute scale
Contributing factors:

- Uncertainty in cost estimates
- Unique systems, parts, and procedures

5 Exact knowledge of cost of all facets of bus recurring and non-recurring
costs.
4 Knowledge of costs for many aspects of the program; all systems, parts,

and processes have much historical cost data, CERs are well-suited to
estimate costs for all areas where exact knowledge doesn’t exist.

3 All systems, parts, and processes have much historical data; CERs are well-
suited to estimate costs for most areas; some proxy measures instead of
CERs.

2 Most systems, parts, and processes have historical data; most CERs are

well-suited to estimate costs; some uncertainty in estimates; some proxy
measures used instead of CERs.

1 Few systems, parts, and processes have historical data; most CERs are not
well-suited to estimate costs; many proxy measures used instead of CERs;
much uncertainty in estimates.

0 Total uncertainty in cost estimates; CERs are not-well suited; most

systems, parts and processes do not have historical data; almost all
objectives must be measured with proxy measures.

14.4.4.2 Minimize Schedule Risk

Schedule risk refers to the potential for unforeseen slips in the development
schedule. Schedule risk can be mitigated with sensible planning and accurate forecasting.
MOE: Attribute scale
Contributing factors:

- Unique, exotic equipment and processes required in manufacturing, test,

integration, and support

- Amount and level of unproved technology used on the bus
- Difficulty of program planning and prediction
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- Potential for tricky integration issues, both for the mission module and the
launch vehicle

5 Few unique systems and processes required in manufacturing, test,
integration, and support; all technology is flight-qualified and well-proven;

no major foreseen difficulties in program planning and prediction; no major
foreseen tricky integration issues.

0 Most systems and processes for manufacturing, test, integration, and
support are highly unique; much unproved, cutting-edge technology; several major
foreseen difficulties in program planning and prediction; several major foreseen
tricky integration issues.

14.4.4.3 Minimize Performance Risk

There is a chance that some technological aspect of the system, be it hardware or
software, will not work as well as planned. This usually depends on the maturity of the
technology in question.

MOE: Attribute scale
Contributing factors:

- Amount and level of unproved technology used on the bus
- Amount and level of testing

5 Almost no cutting-edge technology; all hardware and software is flight-
qualified and well-proven; extensive test program.

0 Much cutting-edge technology; very little flight-qualified hardware and
software; very little testing achieved or even possible.
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14.4.5 Maximize Mission Utility

Mission utility refers to the ability of Modsat to accommodate a range of different
mission modules. In other words, it is a way of quantifying how well the bus performs its
role of being generic and standard. The larger the range of possible missions, the higher
the mission utility. This objective was difficult to construct, since it is hard to envision
how such utility can be measured. It was decided that mission utility is supported by
various aspects of spacecraft bus performance such as pointing accuracy and available
power. In other words, if more performance capability is built into the bus, more mission
types can be accommodated. Thus, several performance sub-objectives were adopted, in

addition to the obvious desire to maximize the available weight and volume for the mission

module.
Max Mission
Utility
]
Max Pointing Max Orbital Max Data Max Data
Accuracy Accuracy Storage Downlink Rate

Module Power

Max Average Mission | |

Max Peak Mission
Module Power

Max Allowabie
Mission Module Weight

Max Allowable
Mission Module Volume

Max
Adaptability

Min Thermal
Transfer

Figure 14-6: Mission Utility Objectives

14.4.5.1 Maximize Pointing Accuracy

Many space mission applications require a great deal of spacecraft pointing

accuracy, for precise pointing and orientation of sensing instruments.
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MOE: Degrees of pointing accuracy (smaller values are desired)
14.4.5.2 Maximize Orbital Accuracy

The satellite must be able to maintain its intended orbit, in order to be available for
its intended applications.
MOE: Attribute scale
Contributing factors:

- Whether or not there is a propulsion system on-board

- Amount of fuel, in terms of delta-v, reserved for maintaining orbital

altitude

5 Enough propellant to maintain the full orbital altitude for the design life of
the satellite.

0 No propellant reserved for orbital maintenance.

14.4.5.3 Maximize Data Storage

Various missions may require the spacecraft processor to temporarily store mission
data for later transmission.
MOE: Attribute scale
Contributing factors:
- Size of data recorder (gigabits of storage)
- Capability of data recorder (compression, etc.)
- Rate of data collection
- Frequency of data transmission
5 Very large, highly capable device; maximum compression; handles toughest

scenario of high rate of collection but low frequency of transmission; can
store high resolution data of several orbits.
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4 Large, very capable device; high compression; handles high rate of
collection and moderate frequency of transmission; can store high
resolution data of more than one orbit.

1 Small recorder with minimum capability; no compression; handles only low
rate of collection and data must be transmitted quickly; stores low
resolution data of a short pass within an orbit.

0 No flight data recorder on-board; zero capability for data storage.

14.4.5.4 Maximize Data Down-link Rate

Although Modsat must be compatible with the Air Force Satellite Control
Network (AFSCN), some missions may require a higher data down-link rate than can be
accommodated with AFSCN compatible communications equipment. Systems solutions
that provide for higher rates would be more attractive, all other factors being equal.

MOE: Mbytes/sec

14.4.5.5 Maximize Average Mission Module Power

This objective strives to maximize the amount of power, on average, that Modsat
makes available to the mission module. A survey of existing LEO military satellites
reveals that their power requirements cover a wide range.

MOE: Watts of available average power

Note: Available average power is the total average power minus the total power
required by the bus.
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14.4.5.6 Maximize Peak Mission Module Power

Some mission applications will require large amounts of power during peak
operations. Modsat must be able to handle peak demands which can greatly exceed the
average demand.

MOE: Watts of available peak power

Note: Available peak power is the total peak power minus the total power
required by the bus.

14.4.5.7 Maximize Allowable Mission Module Weight

One of the main design goals of this study is a lightweight bus which allows for the
heaviest possible mission module. The amount of allowable mission module weight is
determined by subtracting the bus weight from the total allowable weight, which depends
on the launch vehicle and the selected orbit.

MOE: Kilograms of available weight

Note: Allowable mission module weight is defined as the weight that can be launched to
the specified orbit minus the total wet weight of the bus.

14.4.5.8 Maximize Allowable Mission Module Volume

This sub-objective is met by minimizing the volume of the bus. The amount of
allowable mission module volume is determined by subtracting the bus volume from the
total allowable volume, which depends on the volume and dimensions of the launch
vehicle payload fairing.

MOE: cm® of available volume

Note: Allowable mission module volume is defined as the usable volume of the launch
vehicle minus the total volume of the bus.
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14.4.5.9 Maximize Adaptability

This sub-objective should capture the CDM’s desire for flexibility of design and
adaptability to changing mission requirements. The ability to add needed capability or
remove excess capability is valued, while at the same time consideration must be given to
minimizing the amount of engineering which must be applied to the integration effort.
Alternative solutions will be judged on how well they meet this goal.

MOE: Attribute scale
Contributing factors:

- Degree of modularity and flexibility in the bus

- Ability to insert more capability or remove excess capability

- Breadth of mission profile capability

- Ease of updating subsystems and components with technological
upgrades, without a major system redesign

5 Supports a wide breadth of mission profiles; highly flexible design with
near total modularity; nearly all subsystems can be easily replaced with new
versions; additional capability can easily be inserted; excess capability can
easily be removed.

4 Supports several different mission profiles; flexible design with much
modularity; many subsystems can easily be replaced with new versions;
some additional capability can be inserted; some excess capability can be
removed, but not all.

3 Supports several different mission modules with a few different mission
profiles; moderate amount of modularity and flexibility; a few
subsystems/components can be replaced without major redesign, some
excess capability can be removed; limited ability to add additional
capability.

2 Supports a few different mission modules with one or two different mission
profiles; limited modularity and flexibility; only one or two subsystems/
components can be replaced without major redesign; limited ability to
remove/add capability.

1 Supports only similar mission modules with the same mission profile;
limited modularity or flexibility; fixed design, with almost all component
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upgrades requiring a major system redesign; most components are fixed in
structure, with limited capability for removal or replacement; does not
support additional capabilities.

Supports only a single baseline mission module; virtually no modularity or
flexibility; fixed design, with almost all component upgrades requiring a
major system redesign; all components are fixed in the structure, with no
capability for removal or replacement; does not support additional
capabilities.

14.4.5.10 Minimize Thermal Transfer

It is necessary to limit the amount of heat energy that passes between subsystems

and components, as well as from the bus to the mission module. Many components on a

spacecraft can be very sensitive to heat. Consideration must be given to the highly

dynamic nature of a spacecraft thermal environment.

MOE: Attribute scale

Contributing factors:

- Amount of heat energy crossing the interface between bus and mission
module
- Quality of thermal management within the bus

Virtually no heat energy crosses the interface; excellent thermal
management on the bus.

Much heat energy crosses the interface; poor thermal management on the
bus.

14.5 Utility Functions

In order to provide overall utility scores for each competing system solution, all

MOEs must be converted to a common utility scale. A utility scale from zero to one was
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chosen for convenience, but the endpoints of the scale could be any numbers. The
translation from MOE to utility for a given objective is referred to as the utility function of
that objective. A utility function is essentially a model that represents the preferences of
the CDM for an objective (Clemen, 1996:473). According to Clemen, “assessing a utility
function is a matter of subjective judgment” (Clemen, 1996:473). Feedback from the
CDM enables the analyst to determine how much utility to assign a given level of

performance.

14.5.1 Theory

Figure 14-7 shows the three basic shapes of utility functions (Clemen, 1996:466).
Often, a higher level of performance, or payoff, is associated with greater risk. In other
words, the price of trying to achieve higher performance is a greater probability of a
failure or loss of some kind. For example, a gambler may have to accept a greater risk of
losing money if he wants a chance to win a big payoff.

An individual with risk-averse behavior will accept a lower payoff in return for less
risk of loss. For this individual, there is a diminishing return on increases in the level of
performance. Thus, a risk-averse utility curve is concave (Clemen, 1996:465). The CDM
may be risk-averse (diminishing return on performance) with regard to several of the
objectives. For other objectives, the CDM may feel that maximizing performance is the
same as maximizing utility, so that a linear translation of payoff to utility is appropriate.
This is known as a risk-neutral utility function, and the corresponding utility curve is a
straight line (Clemen, 1996:466). It is possible that the CDM may be risk-seeking with
regard to an objective. A risk-seeker will look for a high payoff, regardless of the risk.

The corresponding utility curve is convex (Clemen, 1996:465).
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Figure 14-7: Basic Utility Functions

14.5.2 Application

Ideally, each objective would have a unique utility function that reflects the risk
attitude of the CDM. However, in the absence of participation from the CDM, the team
took a generalized approach. It was felt that the main objective areas of cost and risk
should have risk-averse utility functions, with the exception of RDT&E and production
costs (discussed below), while the main areas of tactical responsiveness, availability, and
utility should have risk-neutral utility functions. This was a subjective judgment, based on
the combined experience and knowledge of the team members. The validity of the results
of this study could be improved with feedback from the CDM with regard to utility
functions.

All of the objectives with risk-averse utility functions have attribute scales from
zero to five. To be conservative, the team chose a slightly concave curve, with a

translation as shown in Table 14-1.
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Table 14-1: Risk-averse Utility Conversion

Performance 0 1 2 3 4 5
Utility 0.00 0.30 0.55 0.75 0.90 1.00

The corresponding utility curve is shown in Figure 14-8. During the analysis phase of this

study, non-integer values of performance were translated using a curve-fitting function.

05 —

Utility
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Performance

Figure 14-8: Risk-averse Utility Curve

All risk-neutral objectives have linear translations from performance levels to
utilities. For those objectives with attribute scales as MOEs, the utility is found by
dividing the performance level by five. All objectives in this study that have natural MOEs
are risk-neutral. For the sake of simplicity, RDT&E and production costs were included
in this group.

The assignment of utilities for natural MOE:s is somewhat more difficult than for

attribute scales. The analyst must decide what level of performance receives a perfect

utility score of one, and what level receives the worst score of zero. Two approaches are
possible. On one hand, the analyst can determine the absolute best and worst values that
could be achieved within the context of the problem. This approach relies on the

knowledge of subject matter experts who are familiar with the problem, and requires much
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research on the part of the analyst. On the other hand, the analyst can wait to assign
utilities until the performance values of all the alternative solutions have been recorded. In
this scheme, the best value receives a utility of one, the worst value receives a utility of
zero, and all values in-between are proportionally scored between zero and one. Given
the time constraint and lack of space design experience on the team, the latter approach

was chosen.

14.6 Priority Weighting of The Objectives

As in phase one of the study, objectives on the same level in the hierarchy were
assigned priority weights, as shown in Figure 14-9. These weights were determined in the
same manner as in phase one, based on the results of a preference chart survey. This
survey was completed by the CDM, members of the team, and other subject matter
experts, with feedback from the CDM being more heavily weighted. The actual survey is

attached as Appendix A.
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Figure 14-9: Phase Two Objective Hierarchy

From Figure 14-9, it is clear which objectives are more important than others in

the current value system. It should be noted that this set of weights is a reflection of
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personal opinions, solicited at a certain time and under a given set of technological,
political, and economic conditions. Major changes in any of these areas could cause the
relative priorities to change. This potential for change does not present a significant
problem, since the overall scoring function (see section 14.7) can easily be re-calculated
with new weights. In fact, a sensitivity analysis was performed on the alternative
solutions by varying the weights of each of the top-level objectives. See “Decision
Making” for the results of this analysis.

A comparison of the priorities of the top-level objectives is shown in Figure 14-10.
Tactical responsiveness is the highest-rated objective, while mission utility has the second
- highest priority. It is interesting to note that the cost objective received the lowest rating,
as opposed to its prominence in most system studies.

Figure 14-9 shows that the minimization of dollar cost is far more important than
the minimization of the time to full rate production. Within the dollar cost objective,

retirement cost has the highest priority, while operations cost has the lowest priority.
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Figure 14-10: Top-level Objective Weights

The distribution of priorities for the tactical responsiveness objective is shown in
Figure 14-11. The minimization of data latency has the highest priority. This is consistent
with the recent emphasis of the military on combat theater information flow. As
warfighters grow more and more dependent on satellite data, it is crucial that they receive
satellite data as quickly as possible, with real-time data being the ideal standard. The
weight of this objective demonstrates the importance of minimizing the time required to

store, process, and down-link satellite data.
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Figure 14-11: Tactical Responsiveness Weights

Figure 14-9 shows that reliability is the more important aspect of availability, while
performance risk has the highest priority among the program risk objectives.
Figure 14-12 shows the weights of the ten sub-objectives under the mission utility

objective. The minimization of pointing accuracy is the most important sub-objective,

followed by the maximization of allowable mission module weight. Maximization of peak

mission module power is the least important sub-objective.

136




Q.14 _/’:

Weight

b

Max Data Storage [
Max.Avg.Mission g
Power
Max. Allow. Weight E 7
Max. Adaptability E
Max.Data Downlink
Rate
Max Peak Mission i3
Power e
Max Allow.Volume E
Min. Thermal Transfer [

Max.Orbital Accuracy

Objective

n

Figure 14-12: Mission Utility Weights

14.7 Scoring Function

The utility values and objective weights must be combined to form an overall
utility function. This function yields an overall utility score for a given alternative
solution, based on its performance of each objective and the relative importance of those
objectives. Alternative systems solutions can be compared by their overall utility scores.

The utility function used for this study was additive, such that

U=kU +EU,+.+kU,
where U is the overall utility, U;, U, ... Uy, are the individual utility functions for the m
objectives, and ki, k, ... kn are the weights for each objective (Clemen, 1996:537). The

use of an additive utility function must be justified, since it ignores any interaction among
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the attributes. For instance, some attributes may be complementary in nature, such that
high achievement on all of them leads to more success than the sum of the individual
successes (Clemen, 1996:576). In order to achieve accurate results with an additive utility
function, additive independence must hold. Additive independence requires that the
weights for the objectives at a given level in a branch of the hierarchy add up to one.
According to Clemen, “When we are considering a choice among risky prospects
involving multiple attributes, if additive independence holds, then we can compare the
alternatives one attribute at a time” (Clemen, 1996:584).

Since this study was intended to produce concept-exploration design
characteristics, and not detailed design recommendations, the team decided to avoid
modeling the interaction among the objective attributes. According to Clemen,

... in extremely complicated situations with many attributes, the additive

model may be a useful rough-cut approximation. It may turn out that

considering the interactions among attributes is not critical to the decision

at hand (Clemen, 1996:585).

Based on this reasoning, the additive utility function was deemed appropriate for this

study.
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14.8 Flexibility of the Value System

Since the value system drives all design efforts, changes in any of the elements of
the value system can lead to different results. The objectives, weights, and utility
functions used for this study could be modified upon further engineering efforts. It was
not the intent of the team to create a rigid, unchanging value structure, but rather to create
a robust framework within which intelligent decisions could be made. Now that the
framework exists, it can be modified according to the changing desires of the CDM and

the analysts who conduct further research on this topic.
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158, Tradeoffs

15.1 System Level

Many important tradeoffs were analyzed at the system and subsystem level, and
several critical design decisions were made. The purpose of this section of the report is to
document these tradeoffs and decisions. Throughout the system study, the team has
encountered many variables and options. Some of these have remained as variables, to be
specified as elements of alternative system solutions for judgment against the value system
criteria. However, many design decisions were made during this study, in order to narrow
the solution space to a reasonable set of alternatives. Thus, the Modsat bus concept.
gained its shape throughout the study, as key decisions have built on each other. These
decisions were made after performing tradeoffs between the alternatives, judging each
against the Modsat objectives and constraints.

Much work was done at the subsystem level, and this is documented in section |

15.5. This section discusses the system level tradeoffs.

15.1.1 One Satellite Per Launch Vehicle

Rather than attempt to design very small satellite busses for a multiple-payload
launch package, the team chose to focus on one vehicle that will fill the payload bay of the
chosen launch vehicle (LV). A key objective of the study is to allow for as much mission

module capability as possible per bus. It would be inconsistent with this objective to force
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mission module designers to integrate with a microsat, or to make them spread their

mission capability over a multiple-satellite configuration.

15.1.2 Launch Vehicle

The team originally chose the Pegasus XL, from Orbital Sciences Corporation
(OSC), for reasons which are discussed in full in section 15.3. This LV is common for
small low earth orbit (LEO) satellites. It is attractive for several reasons, among them
being the ability to respond rapidly to mission needs and the flexibility of launch

integration and location.

15.1.3 Basic Spacecraft Configuration

The basic configuration of a spacecraft depends on its primary means of attitude
stabilization. Most LEO spacecraft are either two-axis stabilized via spinning the body, or
three-axis stabilized via an internal device to control attitude.

Modsat requires three axes of pointing control, since it has articulated solar arrays
(see section 15.5.6.4) and must accommodate nadir pointing mission modules. According
to aerospace consultant Emery Reeves,

“The spacecraft configuration must provide two axes of control for each
item that is to be pointed. The spacecraft body has three axes so the body
alone can satisfy one pointing requirement; for instance, one body axis (i.e.,
the yaw axis) can be pointed toward nadir by control about the other two
axes (roll and pitch). It two items are to be pointed, then the spacecraft
must be configured with at least one articulated joint between the two
items. For illustration, a body mounted antenna can be pointed nadir by
controlling two axes of body attitude. A solar array can then
simultaneously be pointed toward the Sun by using the third body axis and
providing a single solar array drive to control the solar array attitude
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relative to the body...3-axis-controlled spacecraft generally use articulated
panels” (Reeves, 1992:297).

Although two-axis systems are usually cheaper, lighter, and less complex than
three-axis systems (Reeves, 1992:305), it was determined that the pointing requirements
of both the solar arrays and the nadir pointing mission modules mandate the use of three-
axis control. In the discussion on mission module requirements, it was stated that Modsat
must provide pointing control at least as accurate as 0.1 degrees. According to Reeves,
high accuracy pointing (<0.1 deg) implies the need for three-axis control.

The team also decided to use active control, with propulsion thrusters and reaction
wheels (see section 15.5.1 and section 15.5.2). According to Reeves, “The active three-
axis method gives us highly accurate pointing control, more efficient solar arrays (by‘
allowing oriented planar arrays), and pointing of several payloads or spacecraft

appendages” (Reeves, 1992:304).

15.1.4 Data Delivery Architecture

The users in the field would like to have their mission data as rapidly as
possible. By requirement, Modsat must have S-band SGLS (space to ground-link
subsystem) antennas which are compatible with the AFSCN. The SGLS link is limited to
a maximum data rate of 1.024 Mbits/sec. Any tactical, warfighting satellite would benefit
greatly from having its own high data rate downlink antenna(s), in addition to the SGLS
antennas. Thus, the design team acknowledged that almost all Modsat satellites would
require a high data rate antenna in addition to the required SGLS antennas. It was

decided by the team to avoid selecting and integrating a particular type of antenna.
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Rather, the mission planners will have the flexibility to choose antennas that suit their
needs. Thus, all Modsat bus designs accounted for the placement of a high data rate
package, whether in the bus itself (as a standardized add-on) or as part of the mission

module.

15.1.5 Adaptability and Modularity

As mentioned in the Problem Definition section, the CDM desires Modsat to have
a flexible, adaptable design, such that additional capability can inserted, or excess
capability can be removed, depending on the needs of each mission module. There have
been other programs with similar design goals. One such program was the Advanced
Technology Standardized Satellite Bus (ATSSB), under the direction of ARPA. An
interview was conducted with the former director of the ATSSB program, Colonel
(Retired) Ed Nicastri. Mr. Nicastri explained that his program examined this issue of the
adaptable configuration. They chose a modular approach, whereby components are
plugged in to the bus like circuit cards, and removed when not needed.

Nicastri advised that it is far better to design in a high degree of capability, and
remove the excess, than to start with the minimum and add as necessary. The latter
approach implies a skeletal structure, where components are attached as required for each
mission. Nicastri’s program determined that this configuration would be a nightmare for
integration and configuration control, and would be far too expensive. Thus, it is better to
start with the maximum capability and remove from there (Nicastri, 1996).

The approach chosen by the team takes ARPA’s experience into consideration. A

modular approach will be used, whereby all busses are manufactured with all foreseeable
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component options attached via removable interfaces. Of course, center of mass and
attitude control constraints may preclude the removal of some excess components,

depending on the characteristics of the mission module in question.

15.1.6 Maximum Capability

The Modsat bus must accommodate a wide variety of mission modules, and must
therefore cater to the most demanding customers. This implies that there will be excess
capability on many missions. Some of this may be mitigated by the modular architecture
discussed above, but certainly not all excess capability can be removed. The notion of
built-in excess that will accompany the mandated, standardized interface is a feature that
may encounter resistance from industry. According to Richard Warner, Chief Technical
Officer of AeroAstro Corporation, “satellite designers crave efficiently engineered,
customized packages” (Warer, 1996). However, given the objectives of Modsat, this

cannot be avoided.

15.1.7 On-Board Propulsion

As mentioned in section 15.1.3, the team decided to use active three-axis control,
with propulsion thrusters. The alternative method of three-axis control is passive control,
which uses gravity gradient techniques or magnetic torquers to control and slew the
spacecraft. According to Reeves, “Passive techniques can provide coarse control to

support low-accuracy pointing requirements and simple spacecraft” (Reeves, 1992:304).
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Magnetic torquers are often used in place of the bulkier propellant-thruster
configurations to reduce spacecraft momentum. However, magnetic torquers cannot
perform AV maneuvers (Everett, 1996). In section 15.4, it will be shown that Modsat
requires AV capability to maintain its altitude at LEO. Moreover, thrusters are required
to perform tactical repositioning AV maneuvers, which may very well be required as part

of Modsat’s tactical mission profile (see Problem Definition).

15.1.8 Data Processing

Most space sensor applications require some degree of processing of the mission
data, prior to its transmission to the ground. In any given custom-built satellite, it is
possible for such data to be handled by the main spacecraft processor, along with all of its
other processing functions. However, each mission type has its own very unique
processing requirements, and it would be impossible to satisfy all with one processor. In
fact, many instruments have their own mini-computers. Thus, the team decided that
mission data processing must be performed by the mission module. However, data

storage will be available in the bus processor, as stated in the requirements.

15.1.9 The Bus-To-Mission Module Interface

Another key part of this study is the specification of a standardized interface
between the bus and all mission modules. This very issue has been addressed by the
Aerospace Corporation, and the results are documented in “An Approach To Rapid

Payload Integration: The Spacecraft-To-Payload Interface Guideline (SPIG), Version 17
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(Aerospace Corporation, 1996). According to this document, “the SPIG is intended to
serve as a core building block on which the payload-to-spacecraft interface can be
designed.”

In the production of the SPIG, much systems engineering work has been
accomplished to suggest an optimum standardized interface. The team decided to use the

SPIG interface in lieu of designing their own interface.

15.2 Reliability Analysis

15.2.1 Overview

A major tradeoff in the design of any new system is the trade between the
reliability and cost of a system. Due to the generally high cost of past and present space
efforts, this takes on an even greater level of importance. In addition, the current emphasis
on finding ways to do the space mission "better, faster, cheaper" adds further importance
to this trade. Finding the optimum level of reliability to meet cost and performance goals
will help narrow the solution space of the system design. Thus, as part of the overall
system design/analysis process, a cost vs. reliability trade study was performed to
determine the starting point from which a system-level reliability approach should proceed.

The formal definition of "reliability" adhered to in this design project is "the
probability that the system will perform its intended function for a specified interval of
time under stated conditions" (Ramakumar, 1